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Abstract 
 This thesis focuses on studying the synthesis of calcium oxide- (CaO-) based 
sorbents for carbon dioxide (CO2) capture in the post-combustion process. Calcium 
oxide has been regarded as one the most promising candidates for carbon capture 
in the last decade due to its high capturing efficiency, low running cost, and 
abundance in the natural world. However, the main drawback of this category of 
sorbents (natural limestone and modified CaO) is the rapid decay of the CO2 uptake 
capacity during the cycles of carbonation and decarbonation reactions. Therefore the 
target of this research is to enhance sorbent sustainable performance in long-term 
carbon capture utilisation, for the purpose of reducing the total budget of carbon 
capture in fossil-fuel power industries.  
 To obtain the optimal CaO-based sorbent, different sacrificial particles were 
used in the sorbent modification experiment, including hydrophobic polymers and 
non-ionic surfactants. Among the combinations, modified CaO sorbents prepared 
with polyethylene glycol (PEG) and Tween80 (also called Polysorbate 80) delivered 
the best performance. Using sacrificial particles resulted in changing the properties 
of CaO particles, both physically and chemically: particle size, morphology, surface 
area and porosity were carefully controlled under specific synthesis conditions, and 
positively affected the sorbents’ reactivity. A more important factor, which has been 
ignored by most researchers, the polymorph of sorbent precursor, was also 
investigated in this thesis. Repeatable results proved that of the sorbents derived 
from all the three polymorphs of calcium carbonate (calcite, aragonite and vaterite) 
vaterite-derived sorbent has the best CO2 capture capacity and reversibility. We 
found that the fraction of vaterite would influence the sorbent particles’ reactivity 
proportionally in the first-cycle carbonation process.       
 In order to study the sorbent’s physical/chemical properties and its CO2 
uptake performance, standard laboratory characterisation methods and a thermal-
gravimetric analyser were employed, respectively.  
 A combined gas sorption experiment under controlled conditions using a self-
built high pressure reactor also revealed the mechanism of CO2 sorption on different 
types of porous materials. The existing equipment used to achieve this purpose 
usually requires a very large scale and involves a rather complicated micro-
vi 
 
mechanical structure. A novel measurement methodology based on micro-cantilever 
design and laser detector was introduced in order to reduce this complexity. 
Physisorption of CO2 gas molecules by porous materials, such as Zeolite and 
MCM41, was measured kinetically with the help of this setup. A comparison between 
chemisorption and physisorption provides useful insights in regard to the search for 
the best solution for CO2 capture. 
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Chapter 1. Introduction 
1.1. Background  
1.1.1. Global Warming and CO2 Emission Reduction 
 Carbon dioxide, which was one of the first gases to be identified as making up 
air by chemist Jan Baptist van Helmont, has played an essential role in the Earth's 
atmosphere from the earliest history of the planet, and naturally affects our eco-
system through plant photosynthesis and the carbon cycle. The atmospheric 
concentration of CO2 was generally considered to be 280ppm in the pre-industrial 
periods, but since the time of the Industrial Revolution in the 18th century, in order to 
meet the growing demand the economy, the unstoppable global industrialisation has 
resulted in a sharp increase of CO2 emissions into the atmosphere. The Fifth 
Assessment Report – Climate Change 2013 by the Intergovernmental Panel on 
Climate Change (IPCC) states that the concentration of CO2 climbed to 390.5ppm 
[390.4ppm to 390.6ppm] in 2011 (Stocker 2013), and is still increasing at a speed of 
2ppm per year.  
 The global climate has changed constantly in the last 100 years, with a 
temperature increase of 0.74±0.18˚C (Pachauri 2007). This is known popularly as 
global warming. Even though this is a small variation in temperature, the results of 
this variation could influence our living environment rather negatively. Many 
catastrophic consequences, such as the melting of icebergs in the polar regions, a 
rise in the sea level, the acidification of oceans etc., have made people realise the 
scale of this problem (MacDowell, Florin et al. 2010). The major cause of global 
warming is the massive emission of greenhouse gases (GHGs), which has increased 
the greenhouse effect. The GHGs are generally considered to be CO2, methane, 
nitrous oxide, fluorinated gases and steam. Of all the GHGs, besides CO2, all the 
other GHGs mentioned above only contribute 18% of the total GHG emission. 
However, CO2 contributes the most to the greenhouse effect, and studies show that 
there is a proportional correlation between the CO2 concentration and temperature 
changes (Kerr 2006).  
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 The CO2 concentration in the atmosphere is strictly related to the use of fossil 
fuels. In the past fossil fuel has been the most used power source, and this will 
continue to be the case in the near future. The International Energy Agency (IEA) 
revealed that in 2011 fossil fuel accounted for 82% of the global total primary energy 
supply (TPES), and among all the types of fuel, coal accounted for 29% of TPES, but 
generated 44% CO2 of the total emissions: 13.7Gt of 31.3Gt. If we look at global CO2 
emissions by sector, electricity and heat contributes to 42% of the total emissions; 
coal provides 72% of the energy supply for the electricity and heat sector. On the 
basis of the above data, it is not difficult to conclude that coal-fired power plants are 
the largest source of anthropogenic CO2 emissions. Such plants generate 9.9Gt CO2 
annually (of 31.3Gt of emissions produced in total each year). As a result, great 
efforts are being made to reduce the CO2 emissions from coal-fired power plants 
(International Energy Agency (IEA) 2013).   
 
Figure 1-1 CO2 Emissions from Electricity and Heat Generation (International Energy 
Agency (IEA) 2013) 
 Developing and utilising alternative energies, such as nuclear energy, wind 
energy and solar energy, has shown very promising effects and has formed an 
important part of the strategy of CO2 emission reduction, but to meet the more than 
45% increase in global energy demand by 2030 fossil fuel will continue to be burned 
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in the next generation (International Energy Agency (IEA) 2008, Blamey, Anthony et 
al. 2010). To slow or stop climate change and to leave our descendants a pleasant 
living environment, effective measures have to be taken. In order to control carbon 
emissions so that they are at an acceptable level (Gao, Paterson et al. 2008), a 
series of technologies have been developed since the 1950s. Scientists have named 
these technologies 'carbon capture and storage' (Herzog 2001).  
1.1.2. The Concept of Carbon Capture and Storage  
 Carbon capture and storage (CCS) refers to a set of technologies that is used 
to effectively separate CO2 from the flue gas of power plants and other industrial 
sources, the infrastructure for compressing and transporting that CO2, and the 
technologies for the injection and storage of the CO2 in underground geological 
formations (Bennion and Bachu 2008). Figure 1-2 shows the four steps of CCS, and 
also lists some authorities and organisations involved in CCS (Process Systems 
Enterprise, 2013):   
 (1) Power plants generate CO2 when consuming fossil fuels. 
 (2) CO2 is separated and captured from the flue gas of power plants, mainly 
coal-fired power plants. 
 (3) Captured CO2 is compressed and transported for storage. 
 (4) CO2 is injected and stored in geological formations. Currently, there are 
over a hundred sites worldwide where CO2 is injected into underground gas and oil 
reservoirs, as part of the enhanced oil recovery (EOR) project (Bennion and Bachu 
2008). 
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Figure 1-2 Schematic of CCS Process (Process Systems Enterprise, 2013, 
http://www.psenterprise.com/power/ccs/challenges.html) 
 Even though CCS technology has become increasingly mature due to its 
development over the last 60 years, the cost of CCS is still the factor that limits its 
widespread application. Out of the capture, transport and storage stages, the 
process of capturing and transporting the CO2 gas are the most costly ones. The 
cost of capturing process can be as high as 55 US$/ton of CO2, using the mono-
ethanolamine (MEA) combing oxy-combustion method (Abu-Zahra, Niederer et al. 
2007, Tuinier, Hamers et al. 2011), and the transport process costs 1–3 US$/100km. 
By contrast, the storage process only costs 4–8 US$/ton of CO2 (Lyngfelt, Leckner et 
al. 2001, Freund 2003). Therefore, reducing the cost of the CO2 capture process is 
the key solution to realistically spreading the use of CCS technology globally and, 
thus, stopping negative changes in the climate. 
 The development of CCS projects has been paid great attention in the last 
decade. Currently 13 large scale CCS projects are in operation and another nine are 
under construction (the large scale CCS projects are defined as: at least 
800,000t/year CO2 emissions for coal-fired power stations, or at least 400,000t/year 
CO2 emissions for natural gas-fired power stations). The total CO2 capture capacity 
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of these 22 projects is about 40 million tonnes per annum. A further 33 large scale 
CCS projects are at the most advanced stage of development planning. By the end 
of 2020, the total CO2 capture capacity of these 55 projects will be 107 million tonnes 
per annum.  
1.1.3. Climate Change Policy and History 
 People started to consider climate change seriously in 1979, with the first 
World Climate Conference (WCC) in that year. However, it was not until 1990, with 
the release of the First Assessment Report by the IPCC, that official data about the 
status of greenhouse gas emissions were provided, and the negative impacts on the 
climate were evaluated. Shortly after that, the United Nations Framework Convention 
on Climate Change (UNFCCC) entered into force in 1994, and in 1997 a protocol to 
the UNFCCC was adopted at the third session of the Conference of the Parties in 
Kyoto, Japan, widely known as the Kyoto Protocol. However, due to the complexity 
of its ratification process, the Kyoto Protocol did not enter into force until 2005. 
 The first commitment period of the Kyoto Protocol started in 2008 and 
terminated in 2012. This set CO2 emission reduction targets for 37 industrialised 
countries and the European community, which aimed at reducing emissions of 
GHGs by five percent, compared to the 1990 level, over the five-year period. In 
Doha, Qatar, on 8 December 2012, amendments were made to the Kyoto Protocol, 
and the second commitment period from 2013 to 2020 was drawn up. The parties to 
the Protocol committed to reduce GHG emissions to a level of at least 18 percent 
lower than the level in 1990 over this eight-year period. The amendment also 
includes a revised list of GHGs and the composition of the parties.   
 Thanks to the latest report issued by the IPCC (the Fifth Assessment Report), 
we know that a two degrees Celsius rise in the global temperature from the pre-
industrial level is the highest increase we can tolerate, if we do not wish to run the 
50% chance of triggering the worst climate change scenarios. This is equivalent to a 
450ppm CO2 concentration in the atmosphere. In recent years, parties of UNFCCC 
have met more frequently than ever in order to tackle the challenge of CO2 emission 
reduction, and more effective agreements have been made, such as the agreement 
on the Bali Road Map in 2007, the Copenhagen Accord drafted in 2009, the Cancun 
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Agreements drafted in 2010, and the Durban Platform for Enhanced Action drafted in 
2011. 
 To better meet the targets set by the Kyoto Protocol, three market-based 
mechanisms have been introduced, creating a 'carbon market': emission trading, the 
Clean Development Mechanism and Joint Implementation. Carbon emission credits 
are now regarded as a commodity and a international carbon trading platform is well 
established. The Clean Development Mechanism and the Joint Implementation 
benefit developing countries that invest in sustainable development projects, and 
developed countries purchase carbon emission credits from other industrialised 
countries in order to achieve their emission reduction targets.     
1.1.4. Other Air Pollutants 
 In urban areas, especially in developing countries, air pollution has severely 
affected citizens' health, as well as the eco-system. The substance of pollutants can 
be solid particles, liquid droplets or gases. Since 2012, the second largest city in 
China, Beijing, experienced a fairly serious particulate matter (PM) pollution, and the 
pollution spread nationwide in the winter of 2013. One indicator of PM pollution is a 
concentration of PM 2.5 in the air, which means the concentration of tiny particles or 
droplets in the air that are 2.5 microns or lower in diameter. The heavy PM 2.5 
pollution renders Beijing barely suitable for life, and significantly reduces visibility in 
the city. In 2014, the Chinese government planned to invest 5 billion RMB in the 
treatment of these environmental problems, and researchers are also looking for 
effective and low-cost measures to remove the PM 2.5 pollutants.   
1.2. Existing Technologies for CO2 Capture 
1.2.1. Introduction 
 In this section focus will be made on the CO2 capture technologies applied in 
coal-fired power plants. Although quite a lot of options are generally compatible with 
the CCS target, only a few have actually been accepted from the point of view of 
industrial aspects (MacDowell, Florin et al. 2010). There are three potential pathways 
that could be promising, and which have been selected by state-of-art power plants: 
post-combustion capture, pre-combustion capture and oxy-combustion capture 
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(Figueroa, Fout et al. 2008). Figure 1-3 briefly illustrates the processes of these three 
techniques. Further technical details will be reviewed in Chapter 2. 
 
Figure 1-3 Post-Combustion, Pre-Combustion and Oxy Combustion Systems, 
Adopted from (Figueroa, Fout et al. 2008) 
1.2.2. Pre-Combustion 
 The pre-combustion capture method refers to the CO2 being separated before 
fuel combustion. This method involves a very promising approach called an 
integrated gasification combined cycle (IGCC). The fossil fuel is firstly reacted with 
insufficient oxygen (O2) to produce synthetic gas, consisting mainly of carbon 
monoxide (CO) and hydrogen (H2). Then the mixture of gases is reacted with steam 
in a gasifier (or shift converter), where the CO is converted to CO2 and additional H2. 
CO2 is separated at this stage, leading to a H2-rich fuel gas that can be used in the 
combustion turbine. Another commercially available technology for producing H2 
from fossil fuels is steam reforming. Instead of combusting the fuels with insufficient 
O2, the fuels are mixed with steam and catalyst (e.g. nickel) under 800-900°C high 
temperature condition, then the reformed syngas is passed into a lower-temperature 
shift reactor similar to the IGCC process, where the CO reacts with H2O to form CO2 
and more H2.   
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 Thanks to the increased concentration and elevated pressure of the CO2-
containing steam, the cost and size of the capture facility can be decreased 
(Figueroa, Fout et al. 2008). The limiting factor of this method is the high capital cost 
of the gasification process.  
1.2.3. Oxy-Combustion 
 An alternative method for removing CO2 from the exhaust is the oxy-
combustion capture method. In this method, coal is combusted in high purity O2 
mixed with recycled flue gas instead of simply with air. Here, a cryogenic air 
separator is normally used to separate pure O2 from air. The combustion products in 
this case are mainly CO2 and H2O (CO2>95%); CO2 can be easily obtained via the 
condensation method. Mixing the recycled flue gas in pure O2 during combustion is 
necessary because current commercial materials for constructing the boiler usually 
cannot withstand the high temperature from coal combustion in pure O2.  
 The advantages of oxy-combustion are high CO2 separation efficiency, 
simplicity of method and setup, elimination of NOx emission, and a positive 
desulphurisation effect. The major cost of the oxy-combustion method is from the 
separation process of O2 and recirculation of flue gas, which significantly reduces its 
economic attraction.  
1.2.4. Post-Combustion 
 The post-combustion method focuses on capturing the low concentration CO2 
from the flue gas, consisting of nitrogen (N2), H2O, CO2 and other impurities. This is 
an 'end-of-pipe' technology, which can be easily fitted to existing power plants 
without dramatically affecting their operation process. For this reason the post-
combustion process has been given considerable attention by research groups and 
industry in recent years, and it is also considered by the Technology Task Force of 
the European Technology Platform for Zero Emission Power Plants to be one the 
two highest priorities in regard to carbon capture (Zero-Emission Platform (ZEP) 
2008, Blamey, Anthony et al. 2010).  
 The main drawback of this method is the cost of the intense energy input in 
the CO2 separation process. For example, a solvent-based scrubbing setup, which 
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has been developed since the 1950s to capture CO2 from power plant exhausts, 
results in a lowering of the thermal efficiency of a modern power plant from 45% to 
35% (Intergovernmental Panel on Climate Change (IPCC) 2005, Holt 2009), and 
brings a 20% reduction in the electricity generated. In this case, more fuel must be 
used and more CO2 is emitted to maintain the same power output. The following 
sections discuss improving the CO2 capture efficiency of the post-combustion 
method by utilising novel synthesised CaO-based sorbents. 
1.3. Laboratory CO2 Capture Studies 
1.3.1. Introduction 
 Nowadays, many CO2 capture studies continue to remain at the laboratory 
stage. Choosing reliable and sustainable testing equipment is crucial, in order to 
enable researchers to evaluate the efficiency of the capture process precisely and 
scientifically. Many companies have introduced gas sorption measurement devices 
for different testing conditions. If we categorise these devices by their working 
principle, there are two kinds of products in the current market: gravimetric analysis 
equipment and volumetric analysis equipment.  
 Some leading universities and research institutes have built CO2 capture pilot 
plants for teaching and research purposes. For example, the Department of 
Chemical Engineering of Imperial College London has invested £2 million in a four-
floor carbon capture pilot plant at the centre of the department. These pilot plants 
help to provide a scaling-up opportunity for laboratory research, before entering 
industrial scale. 
1.3.2. The Gravimetric Analysis Method 
 A very commonly used gravimetric analysis device in laboratories is thermal 
gravimetric analysis (TGA). Based on a well calibrated micro-balance, using TGA the 
mass uptake and loss of a sample can be recorded accurately during gas absorption 
and desorption, and changes in physical and chemical properties of the sample are 
measured as a function of the ascending temperature. This instrument is suitable for 
temperature swing adsorption/absorption tests, such as CO2 capture through CaO-
based sorbents, and the sorption kinetics can be analysed from the sample mass 
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change measurement history. The working principle of using CaO-based sorbents to 
capture CO2 is the carbonation and decarbonation cycles between CaO and CaCO3. 
In these cycles CO2 reacts with CaO and is converted into CaCO3 while the flue gas 
passes through the sorbents, and then high purity CO2 is released under high 
temperature conditions. 
Apart from the basic mode, Fourier transform infrared spectroscopy (FTIR) 
and mass spectroscopy (MS) gas analysis facilities can be coupled within TGA, 
which helps to determine the characteristics of the sample due to decomposition, 
oxidation or volatilisation. 
 The working conditions of TGA are normally set at atmospheric conditions, so 
the pressure swing measurement cannot be achieved without engineering 
modifications. Since TGA is limited by the sample size that the micro-balance is 
capable of holding, a large-scale test cannot be accomplished using TGA.  
1.3.3. The Volumetric Analysis Method 
 Many types of static volumetric adsorption apparatus have been developed, 
and the features of each type vary according to the needs and ingenuity of different 
users; however, all volumetric sorption systems include some essential components, 
such as a vacuum pump, one or more gas supplies, one or more pressure 
transducers, a sampler chamber and a measuring chamber. The classic setup for 
this system is shown in Figure 1-4. 
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Figure 1-4 Classic Set-Up of a Volumetric Analysis System 
 
 In order to measure an adsorption isotherm, known amounts of probe gas are 
injected into the manifold. At every step it is required that the pressure of the gas 
being adsorbed by the sorbent and the remaining gas in the chamber reaches a 
state of equilibrium. The amount of gas adsorbed is the difference between the 
amount of gas injected and the amount of remaining gas; the adsorbed amount can 
be calculated via general gas equation. The volumes of the sample chamber and the 
reference chamber have to be accurately known from the manufacturer’s 
information, and manifold volume can be measured by expanding helium gas into 
the reference chamber and by again using general gas equation (Lowell, Shields et 
al. 2004).   
 Volumetric adsorption systems are widely used for studying particle surface 
area (e.g. when applying Brunauer–Emmett–Teller theory (BET)), pore size and 
density. For CO2 capture measurement, some porous materials, such as zeolite and 
activated carbon, have been tested by volumetric instruments as well. Due to their 
high selectivity, regenerability and low energy input, these materials have been 
considered as very promising candidates for future CCS projects.  
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1.3.4. Fluidised Bed Reactor 
 The fluidised bed combustion (FBC) system has been extensively used to 
separate SO2 gas in the industry (Anthony and Granatstein 2001). Recently, the 
same idea was applied on the CO2 capture process with using a twin fluid-bed 
reactor (Shimizu, Hirama et al. 1999). The twin fluid beds play the role of carbonator 
and regenerator, respectively.  
1.3.5. Cantilever-Based Gravimetric Gas Adsorption Analyser 
 Temperature and pressure controls are two equally crucial factors that affect 
the CaO sorbents performance during the CO2 capture process. However, 
instruments that offer both features always involve a large scale and a high level of 
complexity, or very fine but fragile micro-balance systems; of course, this requires 
costly purchase and maintenance expenses. In addition, the CaO based sorbents 
tests cannot be completely performed solely using the TGA device, considering the 
limited sample size and ambient operating pressure. Therefore, an inexpensive 
cantilever-based gravimetric gas adsorption analyser is introduced in this thesis. 
 Cantilevers with thicknesses of 0.1mm and 0.2mm are designed and 
manufactured to achieve multiple measurement ranges and requirements. 
Cantilevers are located within a customised high pressure/temperature cell, and the 
samples are hung at the free end of the cantilevers. A Micro-Epsilon ILD2300-20 
laser-optical displacement measuring system is employed to monitor the deformation 
of the cantilever, thus the sample mass uptake/loss can be derived. Pressure control 
is realised by pressurising the cell using gas cylinders, and measured by pressure 
sensors, and these pressure sensors can also record the temperature change while 
the cell is heated up by a heating jacket.  
 With proper calibration, the cantilever gas adsorption analyser (CGAA) is able 
to present the physical adsorption isotherm curve of sorbents at specific 
temperatures and pressures. Since the mass changes of samples are recorded 
consistently, a kinetics analysis of the adsorption can also be carried out.  
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1.4. Thesis Outline and Structure 
 In the following chapters, seven main components will be discussed 
thoroughly:  
 Chapter 2 will firstly review the three major CO2 capture methods: the pre-
combustion method, the oxy-combustion method and the post-combustion method. 
Then the sorbents used in the post-combustion process will be considered, 
especially the CaO-based solid sorbents.  
 Chapter 3 will focus on the basic experimental studies of the carbonation and 
decarbonation reactions. Using CaO-based sorbents capturing CO2 means applying 
the calcium looping process between CaCO3 and CaO to temporarily store and then 
release the CO2 component from the mixed gas. It is thus important that the 
mechanism by which the CaCO3 grows on the product layer is well understood. In 
this way, the sustainability and reproducibility of the sorbents in long-term reactions 
can be improved. 
 Chapters 4 and 5 will explain the materials used, and will introduce a novel 
CaCO3 particle synthesis methodology. In this methodology a sacrificial particle is 
selectively used. The control and optimisation of different synthesis parameters is 
also described in this two chapters. Synthesised sorbents are characterised via 
standard particle characterisation facilities. 
 Chapters 6 will compare the CO2 capture capacity of the synthesised sorbents 
with the existing sorbents, from the long-term reaction perspective. The data analysis 
will investigate the thermodynamic aspect and the kinetic aspect, and will combine 
the results of the characterisation of the sorbents’ physical/chemical properties to 
reveal the facts regarding sorbents’ decay behaviour, and potentially improve this 
behaviour. 
 Chapter 7 will discuss the reactivation effects of moisture on the reactivity and 
stability of the sorbents in long-term reactions. Three hydrating methods will be 
described and compared. 
Chapter 8 will talk about the design of the cantilever gas adsorption analyser 
(CGAA), the manufacture and set up, and the calibration procedure. This chapter will 
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also discuss the physical adsorption experiment results of utilising porous materials, 
such as zeolite and MCM41, measured by the CGAA.  
 Chapter 9 will summarise the work presented in this thesis and will provide 
insights into further future work.     
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Chapter 2.  Literature Review 
2.1. Global CO2 Emission Status 
2.1.1. Introduction to Global Energy 
As discussed in chapter 1, the current level of global CO2 emissions has 
exceeded 30Gt per year, and fossil fuel combustion for energy generation accounts 
for 90% of the total emissions (Huaman and Tian 2014). Even more energy will be 
demanded in developing areas between 2015 and 2030, due to their rapid 
urbanisation growth. As we know, power stations driven by fossil fuels are the largest 
anthropogenic source of CO2 emissions, so it is necessary to investigate fossil fuel 
distribution and energy consumption from a global perspective. 
 In 2012, China became the world’s number one electricity producer, with 22% 
of total generation, overtaking the United States by 3% (US 19%). Japan increased 
its production, moving to third place (4.9%) from fifth place in 2011, because of the 
earthquake in Tohoku. India and Russia (both 4.7%) remained in joint fourth place 
(Central Intelligence Agency (CIA) 2013). As the two biggest developing countries, 
China and India will experience the fastest energy demand increase, rising from 
23.6% in 2010 to 34.5% in 2030. Regarding the countries who use coal-fired power 
stations are the primary energy suppliers, China and India has played the most 
prominent role which is 43.8% of the world total in 2010, and an increase to 57.0% 
by 2030 is forecast (Huaman and Tian 2014). 
 Table 2-1 lists the world’s top producers and users of three major fossil fuels: 
coal, oil and natural gas (Horn 2010). China is the world biggest coal producer and 
user, already producing and using double the amount of coal produced and used by 
the world number two USA, as two-thirds of China’s energy supply relies on coal-
fired power stations. Middle-east countries produce almost 30% of crude oil and 
Saudi Arabia has become the top oil producer in the world, while the USA, China 
and Japan are the top three oil consumers. Russia has rich natural gas resources 
and ranks as the world biggest natural gas producer. At the same time, Russia is the 
world’s second top natural gas consumer, just behind the USA. The USA was a large 
natural gas importer in the early-2000s and continued as such until the mid-2000s 
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(Energy Information Administration (EIA) 2012); however, it became a natural gas 
exporter in the late-2000s due to its exploitation of shale gas.  
 Alternative energies, also called clean energies, are also playing very 
important roles in world net generation distribution. In 2013 nuclear energy 
contributed 19.4% and hydroelectric energy contributed 6.6% of total net electricity 
generation (Energy Information Administration (EIA) 2013).  
 
Table 2-1 World's Top Fossil Fuels Producers and Users (Horn 2010) 
 
2.1.2. CO2 Emissions by Fuel Type 
Fossil fuel combustion alone accounted for 62% of global GHG emissions in 
2008. The fuels used for electricity generation are by far the largest single 
anthropogenic CO2 emissions source.  
In 2011, 44% of CO2 emissions resulting from fossil fuel combustion were 
produced from coal, 35% from oil and 20% from natural gas, as shown in Figure 2-1. 
The reason why coal combustion emits such a high amount of CO2, even though it 
provides just 29% of TPES, is due to its high carbon content per unit of energy 
released, and its intensive use in developing regions to fill the growing energy 
demand.  
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Figure 2-1 World Primary Energy Supply and CO2 Emissions Shared by Fuel 
(International Energy Agency (IEA) 2013) 
 Looking at the issue historically, in the 1970s fuel oil combustion shared the 
highest CO2 emissions amount, being as high as 50% (Figure 2-2). This share 
started to evolve considerably in the last decade: in 2004 coal overtook oil as the fuel 
that produces the largest amount of CO2. Natural gas increased slowly over these 40 
years, and still remains the smallest CO2 contributor among the three.  
 
Figure 2-2 Fuel Shares in Global CO2 Emissions in Last 40 Years (International 
Energy Agency (IEA) 2013) 
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2.1.3. CO2 Emissions by Sector 
According to the IEA report, three sectors produced 85% of global CO2 
emission in 2011: electricity and heat generation (with 42% contribution), transport 
(with 22% contribution) and industry (21% contribution). The residential sector 
accounts for only 6% of total emissions (Figure 2-3).  
Within the electricity and heat sector, 72% of the energy supply relies on coal 
combustion, the most carbon-intensive fossil fuel, and this led to 9.9Gt CO2 
emissions in 2011. Transport is another quick growth sector in regard to CO2 
emissions: from 1990 to 2011, the emissions from transport increased by 52%. This 
increase is mainly driven by CO2 emissions from roads, owing to the popularity of 
vehicles. 
 
Figure 2-3 World CO2 Emission by Sector (International Energy Agency (IEA) 2013) 
2.1.4. CO2 Emissions by Region 
The six countries/regions in descending order of their contribution to CO2 
emissions are: China, the United States, the European Union, India, Russia and 
Japan (Olivier, Janssens-Maenhout et al. 2013).  
In 2012, China had the slowest CO2 emissions increase rate in a decade, 
thanks to the new economic policies set out by the new Chinese premier minister, as 
well as a relatively small increase of 2.5% in its domestic coal consumption (National 
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Bureau of Statistics of China (NBSC) 2013). Even so, China was still ranked as the 
number one producer of CO2 emissions, with 9.9Gt CO2 emissions (29% of global 
emissions), far beyond the number two country, the United States, with 5.2Gt. The 
impressive 4% decrease by the United States was mainly due to the large increase 
in its shale gas production and its decrease in the use of coal. The European Union, 
as a whole, still affected by the economic recession, had a decrease of 1.3% in CO2 
emissions compared to 2011. The following quantitative data set out the decrease in 
detail: decreasing emissions from energy consumption of oil and gas by 4% and 2% 
(Eurostat 2013); decreasing transport emissions from road freight by 4.1% and air 
freight by 18.4% (International Transport Forum (ITF) 2013); decreasing emissions 
from power plants and manufacturing industry installation by 2% (European 
Commission (EC) 2012). India’s CO2 emissions continued to increase in 2012 by 
6.8% to almost 2Gt, making it the fourth largest CO2 emitting country. Russia and 
Japan ranked fifth and sixth, accounting for 5.1% and 3.8% of global CO2 emissions, 
respectively.  
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Figure 2-4 CO2 Emissions by Country in 2012, 2000 and 1990 (Olivier, Janssens-
Maenhout et al. 2013) 
   
2.1.5. Future Outlook 
There is no doubt that the future energy demand will continue to increase. 
According to International Energy Outlook 2013, global energy consumption will 
grow by 56% between 2010 and 2040, and most of the growth in energy 
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consumption will occur in countries outside of the Organisation for Economic 
Cooperation and Development (OECD), being driven by consistent and rapid 
economic growth (Energy Information Administration (EIA) 2013).  
If no additional measures are taken, the International Energy Outlook 2013 
forecasts that emissions from coal combustion will increase to 15.7Gt by 2035. 
However, by using more efficient plants and end-use technologies, alternative green 
energies and CCS technologies, the emissions from coal consumption could be 
potentially reduced to 5.7Gt. The emissions from oil consumption will increase from 
11.1Gt in 2011 to 12.5Gt by 2035, mostly because of the large demand from 
transport. The same scenario applies for gas, which will increase from 6.3Gt in 2011 
to 9.1Gt by 2035 (Energy Information Administration (EIA) 2013). 
From a more general view, the IEA has put forward two totally different 
scenarios for our possible future: the baseline scenarios and the BLUE map 
scenarios, which reflect the CO2 emissions under the current policy and under a new 
policy. Figure 2-5 illustrates that under BLUE map scenario, the global CO2 
emissions could be potentially decreased from 57Gt to 14Gt by 2050 (International 
Energy Agency (IEA) 2010). 
Under the BLUE map scenario, CCS will be responsible for 19% of global 
CO2 emissions reduction by 2050, equalling 10.83Gt, and capture from power 
stations will account for 5.5Gt (55% of total emissions from power stations) through 
CCS. In this thesis, the focus will be on the carbon capture technology applied in 
these power stations, and the aim will be to improve the efficiency of the capture 
process by cutting down the total cost of that process.  
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Figure 2-5 Technologies for Reducing CO2 Emission Under BLUE Map Scenarios 
(International Energy Agency (IEA) 2010) 
2.2. CO2 Capture Technologies for Power Stations 
2.2.1. Pre-Combustion Capture 
In pre-combustion capture, fuels are firstly gasified with insufficient O2, 
producing a gas consisting mainly of CO and H2. Before the gas reacts with steam in 
the shift reactor, to convert CO into CO2 and to produce more H2, dust particles have 
to be removed. The CO2 is then separated and the H2 is used as fuel in the gas 
turbine for electricity generation. Since the mixed gas exiting from the shift reactor 
has a concentration of CO2 and is at high pressure, which results in a high CO2 
partial pressure, there are possibilities to reduce the cost of energy input and to 
apply certain potential technologies in this CO2 separation process. However, as few 
gasification plants are in operation at the current time, the applicability of this 
process is limited to new plants. Some techniques being used in pre-combustion 
capture are discussed below. 
Physical solvent is commonly used in pre-combustion capture to separate and 
recover CO2 through pressure swing. The capture ability depends on the solvent 
being used, the partial pressure of CO2 and the temperature. Generally speaking, a 
lower temperature and higher CO2 partial pressure are more favourable. 
Commercially available acid gas removal processes such as Rectisol (methanol) and 
Selexol (dimethyl ethers of polyethylene glycol) are technically applicable, in order to 
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capture CO2 in the pre-combustion process, normally in combination with sulphur 
removal. Another potential physical solvent is propylene carbonate. The weak 
bonding between CO2 and this solvent allows the CO2 to be released at a lower 
pressure (Rostam-Abadi, Chen et al. 2004). The drawbacks of using physical solvent 
are the requirements of low temperature and high CO2 partial pressure. A physical 
solvent with reasonable capture ability at a higher temperature would be highly 
desirable.   
The use of membranes separation technology is a less energy intensive 
process compared with other separation techniques. The separation process in this 
method is normally driven by pressure differences, either compressing the upstream 
gas or evacuating the downstream system. The major challenges in the use of this 
technology are the thermal stability of the membrane materials and scaling up to 
industrial size (Zou and Ho 2006).     
Chemical looping combustion (CLC) is an indirect combustion process where 
fuel is burned without direct contact with air (Ishida and Jin 1994). CLC involves 
circulating solids between two reactors, to transfer the O2 between air and fuel with 
the help of the solid oxygen carrier: in the air reactor, a metal-based compound (Me) 
is oxidised in air, forming an oxide of the compound (MeO). As shown in equations 
2-1 and 2-2, in the fuel reactor MeO reacts with fuel and converts to its initial state, 
resulting in the production of a high concentration of CO2 and steam: the CO2 can be 
separated by a condensation process (Figueroa, Fout et al. 2008). Using the CLC 
process in pre-combustion capture, the expensive oxygen separation process can be 
avoided. A large variety of metal-based oxygen carriers have been investigated in 
laboratory scale.  
 
 
𝐹𝑢𝑒𝑙 𝑟𝑒𝑎𝑐𝑡𝑜𝑟: 𝐶𝑛𝐻2𝑚 + (2𝑛 + 𝑚)𝑀𝑒𝑂 → 𝑛𝐶𝑂2 + 𝑚𝐻2𝑂 + (2𝑛 + 𝑚)𝑀𝑒 Equation 2-2 
 
 𝐴𝑖𝑟 𝑟𝑒𝑎𝑐𝑡𝑜𝑟: 𝑂2 + 2𝑀𝑒 → 2𝑀𝑒𝑂 Equation 2-1 
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Calcium looping (CaL) relies on the reversible chemical reaction between 
CaO and CaCO3 and is also applicable in pre-combustion capture. However, due to 
technology readiness and equipment limitations, this process is more commonly 
used in post-combustion capture.  
 
Figure 2-6 Simplified Model of a Pre-Combustion Unit (Statoil 2012) 
2.2.2. Oxy-Combustion Capture 
In conventional fossil fuel power stations, air is used as the oxidant. Air 
contains approximately 80vol% N2, which could gradually dilute the CO2 in the flue 
gas (Rostam-Abadi, Chen et al. 2004). If the fuel combustion condition can be 
modified with high purity O2 and recycled flue gas instead of air, the exiting flue gas 
will have a high concentration of CO2. The high purity O2 can be produced by a 
commercially available cryogenic air separation unit (ASU). Figure 2-7 shows the 
simplified model of an oxy-combustion unit: fuels combust with O2 and the recycled 
flue gas, which helps to maintain the similar combustion condition as in air; the 
exiting flue gas contains only CO2 and steam after the dust particles and sulphur 
have been removed – therefore, CO2 can be separated by simply condensing the 
water vapour. In consequence of the increased concentration of CO2 and decreased 
flue gas volume, the cost in the oxy-combustion capture process should be lower. 
However, in fact, the cost of the ASU and flue gas recirculation process remarkably 
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reduces its economic benefit. Thus, in order to introduce this concept into industries 
completely, the efficiency of the entire process has to be improved. In the last 
decade, some companies have invested in research into the engineering aspects of 
this process: Alstom Power has developed an oxygen-fired circulating fluidised bed 
combustor to replace the air-fired one, because CO2 has different properties than N2 
and the gas turbine has to be redesigned to match the oxygen-fired combustion 
condition (Nsakala, Liljedahl et al. 2004). Praxair has introduced an oxygen transport 
membrane that is used in the boiler instead of using the expensive ASU: the idea is 
to pump air through the ceramic membrane tubes, allowing the O2 to diffuse into the 
boiler and combust with fuels. Praxair estimates that their process could improve the 
thermal efficiency by nearly 10% (Shah, Hassel et al. 2006). The ceramic 
autothermal recovery (CAR) technique developed by BOC Group to help reduce the 
cost of the O2 generation process has claimed a significant energy consumption 
reduction compared to normal ASU (Acharya 2005).  
 
Figure 2-7 Simplified Model of an Oxy-Combustion Unit (Statoil 2012) 
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2.2.3. Post-Combustion Capture 
Unlike pre-combustion and oxy-combustion capture, post-combustion capture 
is a more straightforward method of separating CO2 from the flue gas after the fuels 
combust with air. Air contains four-fifths N2, which results in diluting the CO2 in post-
combustion flue gas to a low concentration ranging from 4vol% for a natural gas 
combined cycle (NGCC) process to 14vol% for a pulverised coal (PC)-fired power 
station (Rostam-Abadi, Chen et al. 2004). Usually PC power stations are operated 
close to atmospheric pressure, and the low CO2 partial pressure in the flue gas thus 
creates great challenges for developing cost effective capture facilities in terms of 
minimising the size and running cost of the equipment. In spite of this disadvantage, 
post-combustion capture is still regarded as the most promising near-term 
technology for reducing GHG emissions, because it can be retrofitted to most 
existing power plants.  
As can be seen in Figure 2-8, a post-combustion unit usually features two 
columns: the CO2 scrubbing column and the solvent regeneration column (‘solvent’ 
here refers to either chemical absorption solvent or physical adsorption solvent). This 
setup is more suitable for PC-fired power plants, since NGCC and IGCC plants 
involving gasification processes normally generate flue gas with a high CO2 partial 
pressure, where a pre-combustion capture method is more favourable. A few 
feasible options for post-combustion capture based on the configuration depicted in 
Figure 2-8 are discussed below.  
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Figure 2-8 Simplified Model of a Post-Combustion Unit (Statoil 2012) 
 Amines were initially used in the removal of acid gases from natural gas. With 
the rise in concern about GHG emissions in the 1950s, amine had been primarily 
chosen as a chemical solvent for capturing CO2 from flue gas. An amine-based 
solution, such as MEA, can easily react with CO2 and form water soluble compounds 
(in the scrubbing column), and the CO2 can be recovered by heating these 
compounds (in the solvent regeneration column). Therefore, MEA has been used as 
a CO2 scrubbing solvent for many years. However, unfortunately this comes at a 
high cost (typically costing US$35-55/t CO2) and with a high energy penalty (Singh, 
Croiset et al. 2003). The design of new solvent molecules for the amine scrubbing 
process is an effective way to mitigate the high energy penalty as well as corrosion 
problems, such as by exploiting the high CO2 uptake ability of secondary 
(diethanolamine (DEA)) and tertiary (methyldiethanolamine (MDEA)) amine solvents 
(Bosch, Versteeg et al. 1989). Another practical idea is to impregnate solid sorbents 
with amine, which could greatly reduce the energy input for the regeneration process 
by eliminating water from the system. Amine impregnated in a wide range of solids 
has been considered to constitute the ‘next generation’ of amine-based sorbents 
(Gray, Champagne et al. 2008, Chuang 2009).    
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An alternative to amine solvents is aqueous ammonia, as this has many 
economically desirable characteristics. Ammonia and its derivatives react with CO2 
via various mechanisms, one of which is ammonium carbonate (AC) reacting with 
water and CO2 and forming ammonium bicarbonate (ABC) (Figueroa, Fout et al. 
2008). This reaction has shown promising high CO2 capture capacity. The 
absorption reaction requires much less energy than MEA solution, thus the energy 
requirement for solvent regeneration is also lower. The reaction is also not as 
corrosive as MEA and has a lower susceptibility to degradation in the presence of O2 
and other contaminants (Kozak, Petig et al. 2009, Darde, Thomsen et al. 2010). 
Ammonia can react with SOx and NOx to form commercial fertilisers. The chilled 
ammonia process (CAP) is developed for CO2 capture. However, concerns over 
ammonia loss during regeneration and the energy cost for chilling the flue gas to a 
low temperature have to be taken into account.    
A calcium looping process has also rapidly become a feasible option for post-
combustion CO2 capture from coal-fired power stations in very recent years. The 
theoretically reversible reactions of CaO and CaCO3 allow CO2 to be captured from 
flue gas at an optimal temperature between 600°C and 650°C, and then released 
when heated above 850°C. The advantages of CaL are: (1) there is no need to 
pressurise or cool down the flue gas before separating CO2; (2) the high CO2 uptake 
ability of 238g CO2/kg (conversion at 30%) compared with MEA at 60g CO2/kg 
(Song, Park et al. 1997), thus the size of the equipment can be reduced; (3) sorbents 
are cheap and abundant in the natural world (limestone); (4) the used sorbents can 
be synergised with cement manufacturing. The most significant drawback of the 
calcium looping process is the sorbent reactivity loss over numbers of cycles of 
reactions.  
Membranes are available in various ways to help separate CO2 from flue gas. 
Bundles of membrane tubes combined with the amine scrubbing method can 
effectively block impurities (e.g. SOx and NOx) from contacting the amine solvents, 
thus decreasing the level of degradation of amine solvents. Researchers from the 
University of New Mexico have developed a micro-porous inorganic silica membrane 
that contains amine functional groups, which improves CO2 selectivity by enhancing 
the interaction with CO2 molecules. Zeolite membranes with subnano-meter pores 
29 
 
are very appropriate for post-combustion CO2 separation due to their high 
temperature tolerance (Zhang 2006).      
Some other emerging techniques, such as metal organic frameworks (MOFs), 
enzyme-based biological systems and ionic liquids, are also applicable for post-
combustion capture (Figueroa, Fout et al. 2008). Currently researchers are 
attempting to improve the manufacturing process, reduce material costs and 
investigate the use of these techniques on a large scale. It is absolutely possible that 
current capture technologies will be replaced by these techniques in the near future.  
2.3. Possible CO2 Separation Techniques  
2.3.1. Chemical Absorption Process    
The chemical absorption process involves chemical reactions of the CO2 from 
flue gas with a liquid solvent or a solid sorbent, or both, to form weakly a bounded 
intermediate compound; the solvent or sorbent can then be regenerated to its initial 
state by heating, which is accompanied by releasing a relatively pure CO2 steam 
(Wang, Lawal et al. 2011).  
A large variety of chemical solvent/sorbents have been investigated, including 
MEA and the ammonia solvents mentioned above, and solid sorbents, such as 
potassium carbonate (K2CO3), sodium carbonate (Na2CO3), magnesium hydroxide 
(Mg(OH)2), lithium silicate (Li4SiO4), and CaCO3 (Liang, Harrison et al. 2004, 
Bretado, Guzmán Velderrain et al. 2005, Siriwardane and Stevens 2008).  
Out of all of the chemical solvents/sorbents that can be used for capturing 
CO2 from flue gas CaCO3 sorbents have demonstrated many outstanding 
characteristics; thus the emphasis of this thesis will be on this sort of sorbent.      
2.3.2. Physical Adsorption Process 
Physical adsorption capture is a process that involves CO2 gas molecules 
attaching to the surface of solid sorbents physically due to intermolecular forces (van 
der Waals attraction and pole-ion/pole-pole interactions between the CO2 molecule 
and the adsorbent surface, (Ruthven 1984)), and then adsorbents being regenerated 
by applying heat (temperature swing adsorption) or reducing pressure (pressure 
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swing adsorption). The CO2 capture ability is normally related to the physical 
properties of the adsorbents, such as surface area, pore size and distribution, 
particle size and porosity, as well as the partial pressure of CO2 gas. Porous 
materials with a large surface area are more favourable in the physical adsorption 
process.  
The current commercially available physical adsorbents include: activated 
carbons, carbon nanotubes, carbon molecular sieves, zeolite, MOFs etc. (Samanta, 
Zhao et al. 2011).    
2.3.3. Membrane Separation Process 
The membrane separation process works on the basis of the differences in 
physical or chemical properties between the gases, making use of a membrane 
material that allows one gas component to pass through faster than the others. 
Membranes can be made from various materials, such as polymeric membranes, 
porous ceramic membranes, palladium membranes and zeolite membranes.  
The selectivity and permeability of the membrane are the two properties that 
must be evaluated in regard to the economic benefits of a given membrane 
separation process. Since the current available membranes offer far worse CO2 
separation efficiency than the conventional amine scrubbing technique, they are not 
yet attractive as regards the application in the post-combustion process. However, 
membranes are suitable for high concentration CO2 separation in the oxy-
combustion and IGCC processes.    
2.3.4. Cryogenic Process 
The cryogenic process (also called low-temperature distillation) separates 
CO2 from flue gas by cooling and condensation. To employ this distillation process, 
the flue gas (containing ~15% CO2) has to be pressurised. For example, if 90% CO2 
recovery is required, the flue gas needs to be pressurised to 300atm at 56°C 
(Rostam-Abadi, Chen et al. 2004). This is extremely energy intensive. However, if 
this process was combined with an air separation unit (ASU), the capture efficiency 
could be improved potentially.  
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2.4. CaO-Based Sorbents Applied in a Post-combustion Process 
2.4.1. Introduction of Calcium Looping  
Calcium looping using CaO sorbents is based on the reversible reaction 
mechanisms shown in Equation 2-3 and 2-4, namely carbonation reaction and 
decarbonation reaction (also called calcination by many researchers), which has 
been studied for decades (Smyth and Adams 1923). However, the modern calcium 
looping concept was first proposed by Shimizu et al. (Shimizu, Hirama et al. 1999).  
𝐶𝑎𝑂(𝑠) + 𝐶𝑂2(𝑔) = 𝐶𝑎𝐶𝑂3(𝑠)   ∆𝑟𝐻𝑚,298𝐾 = −178.1𝐾𝐽/𝑚𝑜𝑙 Equation 2-3 
 
𝐶𝑎𝐶𝑂3(𝑠) = 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2(𝑔)   ∆𝑟𝐻𝑚,298𝐾 = +178.1𝐾𝐽/𝑚𝑜𝑙 Equation 2-4 
  
Calcium looping involves two major reactors: the carbonator and the 
regenerator. The carbonation reaction, which results in the capturing CO2 from the 
flue gas by CaO sorbents, happens in the carbonator, while the decarbonation 
reaction, which regenerating the sorbents and recovering high purity CO2 steam, 
happens in the regenerator. In this pair of reversible reactions, the direction of 
reaction depends on two parameters: the reaction temperature and CO2 partial 
pressure (not considering any effect of catalysts). In accordance with Equation 2-5 
(McBride, Zehe et al. 2002, Dean, Blamey et al. 2011), the correlation between 
reaction temperature and the CO2 equilibrium vapour pressure of the reversible 
reactions is given in Figure 2-9.  
At a fixed temperature, the reversible reaction tends towards the carbonation 
reaction direction when the partial pressure of CO2 is greater than its equilibrium 
vapour pressure, and vice versa. Since post-combustion is normally operated at 
atmospheric pressure, and we consider the concentration of CO2 in flue gas to be 
15% (PCO2=0.15atm), a carbonation reaction can happen smoothly below ~780°C. If 
we intend to obtain a CO2-lean gas containing less than 1% CO2, the temperature 
has to be set below 660°C, otherwise a carbonation reaction will not occur when the 
PCO2 approaches 1%. Taking reaction kinetics into account, the temperature in the 
carbonator is usually set at 650°C. On the other hand, in the regenerator, at 
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atmospheric pressure, the decarbonation reaction is generally handled in high CO2 
concentration conditions (using recycled high purity CO2) greater than 90% 
(PCO2>0.9atm), thus the temperature in the regenerator must be greater than 900°C 
to ensure the completion of the  decarbonation reaction. To balance energy penalty 
and sorbent attrition problems, the temperature in the regenerator is normally set 
between 900°C and 950°C.   
𝑃𝐶𝑂2,𝑒𝑞 = 4.137 × 10
7 exp (−
20474
𝑇
) 𝑎𝑡𝑚 Equation 2-5 
 
Figure 2-9 Equilibium Partial Pressure of CO2 over CaO as a function of T (Dean, 
Blamey et al. 2011) 
 Figure 2-10 shows the simplified process flow diagram for the calcium looping 
process: the post-combustion flue gas passes through the carbonator that is filled 
with CaO sorbents, and CO2 is separated by forming CaCO3. The CO2-lean flue gas 
is then released into the atmosphere. The CaCO3 is transferred to the regenerator 
that is fed with coal and O2 to recover the CO2 and the CaO sorbents are 
regenerated upon heating. Finally, the regenerated sorbents are recycled back into 
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the carbonator for the next cycle of CO2 capture. A flow of replacement sorbents is 
necessary to compensate for the decay in the capture capacity of sorbents (Alvarez 
and Abanades 2005).   
 
Figure 2-10 Post-Combustion Process Using Calcium Looping Adopted from 
(Blamey, Anthony et al. 2010) 
2.4.2. CaO Sorbents’ CO2 Capture Capacity and Reproducibility 
The absorption of CO2 by CaO sorbents is based on the stoichiometric 
carbonation reaction; therefore, the maximum CO2 capture capacity of per gram pure 
CaO is 17.8mmol. However, in the real world the maximum capacity cannot be 
achieved. Many factors have to be taken into account in order to evaluate the pros 
and cons of one sorbent. 
Barker has demonstrated that sorbents with different particle sizes and 
surface areas show totally unequal CO2 capture ability: nanoparticles (10nm) can 
push the completion rate to 93% (93% of the CaO particles react with CO2 and form 
CaCO3) in a pure CO2 steam after a 24h carbonation reaction at 577°C; on the other 
hand, micro-sized sorbents (10µm) can reach only a 75% completion rate in a pure 
CO2 steam after a 24h carbonation reaction at 866°C (Barker 1973, Barker 1974). 
The carbonation temperature and holding time are also important for the completion 
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of the reaction. Lu et al. tested CaO sorbents derived from calcium acetate at various 
temperatures in a 30% CO2 steam for 5h, as shown in Figure 2-11; the best result 
(97% completion) was achieved at 800°C (Lu, Reddy et al. 2006). It also can be 
seen that the extent of completion increases as a function of the carbonation holding 
time. In most cases two reaction stages can be identified here: the fast reaction 
region dominated by the kinetics of chemical reaction and the slow reaction region 
dominated by product layer diffusion effects.  
 
Figure 2-11 Temperature Effect on CaO Sorbents Derived from CaAC in the 
Carbonation Process, 30% CO2 Balanced by Helium (Lu, Reddy et al. 2006) 
 In addition to the particle size, surface area and carbonation conditions, the 
type of precursors influences sorbents’ CO2 capture capacity greatly. For example, 
CaO sorbents obtained from naturally occurring dolomite and limestone exhibit a 
different performance to that exhibited by those derived from pure CaCO3 (Choi, 
Drese et al. 2009). Silaban et al. compared the carbonation results of high-calcium 
limestone (with 80% completion) and dolomite (with 90–95% completion) under 
relatively mild conditions (Silaban, Narcida et al. 1996); by comparison pure CaCO3 
has only 66% completion. Lu et al. also compared CaO sorbents derived directly 
from five commercially available chemicals: calcium nitrate tetrahydrate (Fisher), 
calcium oxide (Aldrich), calcium hydroxide (Fisher), calcium carbonate (Fisher), and 
calcium acetate monohydrate (Fisher), as shown in Figure 2-12. Lu claimed that the 
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outstanding performance of CaO derived from calcium acetate is owing to the 
combination of its ‘fluffy’ morphology, large surface area and porous structure (Lu, 
Reddy et al. 2006). 
 
Figure 2-12 Uptake of CO2 over CaO Sorbents Made with Various Precursors, at 
600°C, in 30% CO2 Balanced with Helium (Lu, Reddy et al. 2006)  
The reproducibility of sorbents refers to the ability to maintain the CO2 uptake 
capacity over cyclic reactions. It is well known that CaO-based sorbents always 
suffer from a rapid degradation in reproducibility during the repetition of 
carbonation/decarbonation cycles. In earlier studies, most CaO-based sorbents 
presented a similar decay curve, as shown in Figure 2-13, starting from 80% in the 
first cycle and decreasing to 15% by the end of twentieth cycle. An acknowledged 
phenomenon leading to this degradation is pore blockage, first proposed by Barker 
in 1973 (Barker 1973). Abanades and Alvarez further explained that the decay of 
maximum conversion over successive cycles is due to the loss of micro-pores filled 
by the CaCO3 product layer formed during each cycle of carbonation (Abanades and 
Alvarez 2003). 
There is conflicting information regarding the influence of carbonation 
conditions on sorbent reproducibility (Kierzkowska, Pacciani et al. 2013). For natural 
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sorbents, several studies have proved that the carbonation temperature, holding time 
and CO2 partial pressure have no significant effects on sorbent reproducibility as 
long as the full calcination is completed (Grasa and Abanades 2006, Sun, Grace et 
al. 2006, Sun, Lim et al. 2008). However, Salvador et al. pointed out that a longer 
carbonation time resulted in higher asymptotic value for the sorbents’ conversion 
(Salvador, Lu et al. 2003). For synthetic sorbents, the effect of CO2 partial pressure 
on the sorbents’ reproducibility was reported by Pacciani et al. (Pacciani, Müller et al. 
2008). This pressure is considered to be an irrelevant factor for natural sorbents 
(Salvador, Lu et al. 2003, Grasa and Abanades 2006). Dennis and Pacciani 
determined that the CaCO3 product layer formed on natural sorbents exhibited one 
magnitude higher yield stresses than the product layer formed on synthetic sorbents, 
under high partial pressure CO2: therefore, high CO2 partial pressure selectively 
improves the reproducibility of synthetic CaO sorbents but not of natural CaO 
sorbents (Dennis and Pacciani 2009). 
 
Figure 2-13 Comparison of Maximum Conversion of Natural Limestone by Early 
Researchers (Curran, Fink Carl et al. 1967, Barker 1973, Deutsch and Heller-Kallai 
1991, Silaban and Harrison 1995, Shimizu, Hirama et al. 1999, Aihara, Nagai et al. 
2001) 
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2.4.3. Carbonation Reaction Kinetics 
The carbonation reaction of CaO is a typical non-catalytic gas-solid chemical 
reaction. The kinetics of this reaction are not only governed by the intrinsic reaction 
rate of CaO and CO2 forming CaCO3, but also the diffusion rate of CO2 gas 
molecules and calcium ions through the CaCO3 product layer. It is important to notice 
that in this kind of gas-solid reaction, the molar volume of the formed product, 
CaCO3, is much greater than the starting material, CaO (of 36.9cm3mol-1 and 16. 
9cm3mol-1, respectively): this is thought by Bhatia to be the reason for the closure of 
micro-pores on the surface of the CaO particles (Bhatia and Perlmutter 1983). In the 
early study of Barker, it was suggested that the carbonation reaction occurs in two 
steps: the first step, with a rapid reaction rate, which is controlled by the intrinsic 
kinetics of CaO and CO2 chemical reaction; and the second step, with a slow 
reaction rate, which is limited by the diffusion resistance through the layer of CaCO3 
produced (Barker 1973). This result coincides with the findings of Perlmutter, who 
identified that the slow levelling-off stage approaches a conversion plateau at a 
carbonation level of 70% (Bhatia and Perlmutter 1983).  
There are quite a few differing views regarding the intrinsic kinetics of the first 
step, that of the rapid reaction. For example, a zero activation energy concept based 
on the assumption that the activation energy of the calcination reaction equals the 
enthalpy of the reaction was postulated by Pacciani, Dennis and Barker (Barker 
1973, Dennis and Hayhurst 1987). However, by testing different particle size, sample 
mass and a low gas rate under various ranges of CO2 partial pressure in order to 
eliminate the internal and external mass transfer limitations, Sun et al. proposed that 
the activation energies of the carbonation reaction were very small (29±4kJmol-1 for 
dolomite and 24±6kJmol-1 for limestone), but not zero (Sun, Grace et al. 2008). In 
addition to the activation energy, there are contradictory points of view regarding the 
order of reaction, ranging from 0th to 1st in different PCO2 (Kierzkowska, Pacciani et al. 
2013). Sun et al. observed a transition in the order of the reaction as a function of 
CO2 partial pressure: at low PCO2, ln[(PCO2 - PCO2,eq)/100]< -3 (limestone) and -1.8 
(dolomite), the carbonation was in first order; at high PCO2, (PCO2 - PCO2,eq)> 10 kPa, 
the reaction was in 0th order, as shown in Figure 2-14. But this result is contradictory 
to the studies of Kyaw, Dedman and Owen (Dedman and Owen 1962, Kyaw, 
Kanamori et al. 1996).  
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In the second step, the CaO–CO2 reaction becomes an extremely slow 
product-layer-controlled reaction. Perlmutter found that the reaction rate was less 
affected by the CO2 partial pressure. It was also reported that the slow reaction 
period was described by means of a random pore model, where homogeneous 
layers of CaCO3 product were generated in the form of shells inside the pores at the 
gas and solid interface (Bhatia and Perlmutter 1983). Then Longwell and Mess 
pointed out, by tracing the conversion of non-porous CaO at a long carbonation time, 
that the product layer is not perfectly homogeneous, but is a defective structure that 
is comprised of crystalline grains and grain boundaries, (Mess, Sarofim et al. 1999). 
They also proposed the concept of a parallel diffusion model: the grain boundary 
diffusion independent of CO2 partial pressure and the bulk diffusion of CO2 towards 
the CaO/CaCO3 interface linearly dependent on the driving force (PCO2 - PCO2,eq). And 
this concept corresponds to the grain model indicated by Sun and Grace (Sun, 
Grace et al. 2008).  
 
Figure 2-14 Transition of Order of Reaction as a Function of CO2 Partial Pressure 
(for Dolomite) (Sun, Grace et al. 2008) 
Between the rapid reaction and slow reaction, there is a transitional period 
jointly affected by the surface reaction kinetics and product-layer diffusion (Rao and 
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Gopalakrishnan. 1997). When the thickness of the formed CaCO3 product layer 
becomes appreciable, the diffusion rate tends to be the dominant characteristic of 
the carbonation reaction. The thickness of the product layer that triggers the 
conversion from a rapid reaction to a slow reaction is called the critical product layer 
thickness. Barker first reported a 22nm critical thickness for CaCO3 powder of a 
mean particle size of 10µm before the diffusion control takes over in the progress of 
the reaction (Barker 1973). Mess at al. obtained a product layer thickness of 220nm 
considering spherical particles of 15–20µm (Mess, Sarofim et al. 1999). Alvarez and 
Abanades tested the CaCO3 sorbents of a particle size of 0.4-0.6mm in diameter, 
and a mean carbonate layer thickness of 49.1nm (±19 standard deviation) was 
confirmed; they also estimated a product layer thickness of around 50nm that 
seemed to be acceptable for a wide range of sorbents and conditions (Alvarez and 
Abanades 2005). Finally, Li found that the critical product layer thickness relates to 
the carbonation temperature: increasing the temperature makes the reaction 
conversing from the slow step back to the fast step, therefore increasing the 
temperature elevates the value of the critical product layer thickness (Li 2006). 
2.4.4. Characteristics of Carbonation and Calcination Reactions  
The reversible carbonation and calcination reactions are two basic processes 
in the calcium looping process. Therefore, studying the characteristics of these two 
processes is necessary in order to optimise the looping performance in terms of 
energy cost and capture efficiency. As discussed above, the temperature settings for 
both reactors (carbonator and calciner) are equally important in order to ensure the 
CO2 separation is completed smoothly. In practical applications, many other factors 
have to be taken into account as well. 
In an industrialised carbonation reactor, the flue gas circulates from bottom to 
top in order to sufficiently enter into contact with the materials (including the solid 
substrate particles and sorbents) supported by a porous distributor, and this leads to 
the CO2 concentration decreasing when rising up in the reactor column, which also 
slows down the reaction rate of the carbonation reaction (Oakeson 1979). Studies 
have shown that the particle size of the sorbent affects the carbonation reaction 
remarkably: the larger the sorbent particle size is, the sooner the diffusion control 
takes over, and consequently the total conversion rate is decreased. Based on the 
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facts discussed above, a number of kinetics models have been developed. Sun et al. 
used a grain model which assumed the particles were spherical to study the kinetic 
control region and the product-layer diffusion region (Sun, Grace et al. 2008). Bhatia 
developed a random pore model to link the correlation of reaction kinetics with the 
internal pore structure (Bhatia 1981). To further simplify Bhatia’s model, Lee 
employed an ‘apparent kinetic model’, using only one parameter (Lee 2004).  
Sorbents are regenerated upon thermal decomposition in the calciner column, 
and are then returned to the carbonator column for recycling. To study the effects of 
the calcination temperature, CO2 concentration and the sorbents’ particle size on the 
calcination reaction, a wide range of reaction models have been built. Based on 
Borgwardt’s early study, which revealed the correlation between the CaCO3 
particle’s specific surface area and the sintering process (Borgwardt 1985), Silcox et 
al. established a shrinking core model for dispersed spherical CaCO3 particles, 
focusing on the study of the CO2 diffusion process through the CaO–CaCO3 interface 
and CaO layer, and from the particle surface to bulk gas (Silcox, Kramlich et al. 
1989). Silcox also proposed that the rates of heat and mass transfer are not rate 
limiting since the particles are small and dispersed, therefore the particles can be 
assumed to be isothermal. This is in contrast to Campbell’s study which found that 
heat transfer within large CaCO3 particles may limit the decomposition rate 
(Campbell, Hills et al. 1970). Keener and Khang proposed a pore development 
model to explain how the porous structure was developed in the calcined parts of the 
particle while the calcination was in progress, and they used this ‘modified shrinking 
core’ model (as they named it) to present the rate of reaction and the rate of pore 
growth (Keener and Khang 1992). Temperature affects the calcination reaction 
kinetic directly: elevating the temperature increases the rate of reactions. Many 
calcination models have used the Arrhenius Equation to describe the temperature 
impact on the calcination kinetics. The calcination rate is broadly believed to be 
inversely correlated to the CO2 partial pressure. However, there is no unified 
conclusion regarding the mathematical correlation between the two. Several 
researchers (Ingraham and Marier, Silcox et al., Khraisha and Dugwell and Fuertes 
et al.) found that the reaction rate coefficient was inversely proportional to the CO2 
partial pressure (Garcı́a-Labiano, Abad et al. 2002). On the other hand, Khinast et al. 
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discovered an exponential decay in the reaction rate constant with the concentration 
of CO2 (Khinast, Krammer et al. 1996).  
2.5. Decay Behaviour of CaO Sorbent 
2.5.1. Sorbent Regenerability Degradation upon Cyclic Reaction 
The major drawback of CaO-based sorbents is the unsustainable 
regenerability in the cyclic CO2 capture reactions. Research results have shown that 
the decrease of sorbents’ capturing performance mainly occurs in the kinetics-
controlled reaction region; it occurs hardly at all in the product-layer-controlled 
reaction region, as shown in Figure 2-15. The rapid degradation of the sorbents’ 
capturing ability has been essentially attributed to pore blockage and sintering at 
high temperature (850°C–950°C) (Choi, Drese et al. 2009). Back in the 1970s, 
Barker first studied the surface area change of CaCO3 sorbents in multi-cycle 
reactions: the sorbents that were originally tested showed a smooth surface profile 
with a 0.5m²/g specific surface area; however, after decomposition the samples 
presented cracks on the surface, with an increased specific surface area of 29m²/g 
(Barker 1973). Barker also stated that the following recarbonation process partially 
closes the pores of the sorbents due to the larger molar volume CaCO3 formed, and 
that this therefore reduces the total reactivity (Barker 1974). Abanades further 
explained Barker’s decay theory by reference to the loss of microporosity, along with 
the formation of mesoporosity, with macropores generated at the expense of the 
micropores that are filled by the CaCO3 layer formed in each carbonation process 
(Abanades and Alvarez 2003). 
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Figure 2-15 Loss of Limestone Sorbent Activity During Carbonation/Calcination 
Cycles (Manovic and Anthony 2010) 
Another plausible mechanism of sorbent reactivity degradation is the sintering 
effect. Borgwardt measured the sintering rates of the nascent CaO derived from 
natural limestone in an inert atmosphere, especially at conditions not affected by the 
catalytic effects of CO2 and H2O (Borgwardt 1989), and his experiment results 
showed clear consistency with the standard two-sphere model of sintering particles 
proposed by German and Munir (German and Munir 1976). Borgwardt also 
confirmed that the sintering rate increases with temperature and the presence of 
impurities. Several researchers have found that the presence of H2O has an obvious 
effect on the sintering effect of CaO sorbents. Suzuki compared the effects of 
carbonation/calcination cycles to those of carbonation/hydration/calcination cycles on 
the CaO sorbents’ regenerability (Kuramoto, Fujimoto et al. 2003). His results 
showed that the vapour hydration prior to each carbonation regenerated the 
sorbents’ reactivity and maintained a higher level of reactivity in multiple cycles. By 
tracking the change in surface morphology and pore size distribution during 
carbonation/calcination cycles, Alvarez confirmed that the effect of pore blockage 
was minor, while sintering remained the main factor that resulted in the reactivity 
degradation (Alvarez and Abanades 2005). The textural transformation procedure of 
CaO sorbents over multiple cycles is shown in Figure 2-16. The highly dispersed 
reactive structure of the calcium oxide particles was formed after the first calcination, 
and the following carbonation could not be completed due to the loss of 
microporosity. The sintering continued to occur throughout the 
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carbonation/calcination cycles until a rigid skeleton structure was formed that 
prevented any further sintering. This theory also explains the residue reactivity of the 
sorbents after a large number of cycles (Lysikov, Salanov et al. 2007). 
 
Figure 2-16 Textural Transformation of the CaO Sorbents in Carbonation/Calcination 
Cycles (Lysikov, Salanov et al. 2007) 
2.5.2. Temperature and CO2 Partial Pressure Impacts on Sorbents’ 
Reactivity 
 In order to slow down the sintering rate of the CaO sorbents and prevent the 
reactivity degradation, a wide range of measures have been examined by many 
researchers in a massive amount of experiments. It has been proved firmly that 
altering the calcination temperature and the CO2 partial pressure are the most 
practical methods to effectively prevent the sintering.  
 Grasa reported that the decay in CaO sorbents’ reactivity throughout the 
cycles is a common feature in all series of data, irrespective of sample types and 
experiment conditions, and a high calcination temperature (1000°C) would destroy 
the sorbent activity faster than a lower calcination temperature (900°C) (Grasa and 
Abanades 2006). Therefore, the temperature of 950°C is considered to be a feasible 
calcination temperature by many researchers.  
 On the other hand, Fan et al. proposed the method of decreasing the 
calcination temperature by diluting the CO2 concentration by mixing the flow of a 
‘sweep gas’ or removing the CO2 by applying a vacuum to the calciner (Sakadjian, 
Iyer et al. 2006). Thermodynamically, a calcination temperature of higher than 890°C 
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is necessary in order to completely release the CO2 from the CaCO3 at the PCO2 
higher than 1 bar, and high temperatures cause a more easy sintering, which is 
related to the reactivity reduction (Kang, Jeong et al. 2000). Fan investigated several 
subatmospheric calcination situations by varying the process parameters (such as 
sweep gas, flow rate and temperature), and benefits of running the calcination 
reaction at 700°C were identified: reducing the capital and operating cost and 
improving the sorbent multicycle reactivity. However, lowering the calcination 
temperature of the calcination process involves sacrificing the reaction rate and 
increasing the complexity of the equipment used.  
2.5.3. Degradation Mathematical Modes 
 There have been plenty of attempts to model the degradation rate of the 
maximum carbonation conversion upon cycling (Dean, Blamey et al. 2011). 
However, the decay behaviours of the sorbent reactivity, involving sulphation, 
attrition and ash fouling effects, are too complicated to be modeled by precise 
mathematical equations. Most models proposed are semi-empirical and cannot be 
used to predict the behaviour of individual limestones. 
 In 2002, Abanades first proposed a semi-empirical model to describe the 
maximum carbonation conversion of CaO-based sorbents upon cyclic reactions, as 
shown in Equation 2-6. By comparing his own data with other researchers, 
Abanades found that most CaO-based sorbents had a very close similarity in terms 
of the reactivity degradation, despite the variations in reaction times, calcination and 
carbonation conditions, and particle sizes etc. He also calculated the values of 
am=0.77 and a∞=0.17, which represent the fractional loss of conversion that occurs in 
the previous cycle and in the residue conversion, respectively (Abanades 2002, 
Abanades and Alvarez 2003).   
𝑎𝑁 = 𝑎𝑚
𝑁 (1 − 𝑎∞) + 𝑎∞ Equation 2-6 
  
 Fennell et al. found that Equation 2-6 and the am/a∞ values determined by 
Abanades overestimate residue conversion extent after large numbers of cycles 
(Fennell, Pacciani et al. 2007). Later, Wang and Anthony proposed another single 
parameter semi-empirical equation to characterise the CaO sorbents’ reactivity 
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degradation, as shown in Equation 2-7, where k describes the decay constant. This 
equation is also commonly used to describe the deactivation of catalysts by 
sintering, and thus the authors believe it is applicable to the CaO sorbents sintering 
scenario (Wang and Anthony 2004). However, the application of this equation was 
only tested in up to 90 cycles, and the residue reactivities of the sorbents were not 
considered. 
𝑎𝑁 =
1
1 + 𝑘𝑁
 Equation 2-7 
 
 Based on Wang and Anthony’s results, Grasa and Abanades modified the 
degradation equation, as shown in Equation 2-8, considering the residue reactivity 
and verifying the experimental data up to 500 cycles. Grasa confirmed the existence 
of the residue conversion, which remained constant across the number of cycles 
50<N<500, which is around 7.5%–8% (Grasa and Abanades 2006). This is 
consistent with the results measured from the highly cycled samples with a 50nm 
product layer (Alvarez and Abanades 2005). Due to its accurate representation of 
the loss of the reactivity over a large numbers of cycles, this equation has been 
recognised by different authors as the preferred model so far.  
 
 
𝑎𝑛 =
1
1
1 − 𝑎∞
+ 𝑘𝑁
+ 𝑎∞ Equation 2-8 
 
2.6. Effect of Moisture on CaO Sorbents 
2.6.1. Sorbent Reactivation Effects of Steam 
 Steam was initially found to be able to enhance the sorbents’ reactivities in 
the desulphurisation process, and the same hydrating method has been applied in 
the CO2 capture process while using CaO-based sorbents (Fennell, Davidson et al. 
2007, Sun, Grace et al. 2008).  
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 Hydration treatment has been investigated at different stages of the calcium 
looping process, and this treatment has demonstrated a positive impact in terms of 
improving the sorbents’ regenerability. Hughes compared Cadomin and Kelly rock 
limestone both with and without hydration right after the initial calcination step. Their 
hydration pretreatment step, which was conducted in saturated steam at 150°C and 
475 kPa, was found to improve the reactivity of the limestone sorbents over multiple 
cycles (Hughes, Lu et al. 2004). Instead of only applying the hydration treatment 
right after the first calcination, Kuramoto tested the reagent-grade CaCO3 with 
hydration in every single calcination-carbonation (CC) cycle. This process is named 
the calcination-hydration-carbonation (CHC) process. The multi-cycle CC and CHC 
results confirmed that the intermediate hydration was effective in reactivating the 
sorbents and recovering the durability of the sorbents in repetitive CO2 sorption 
(Kuramoto, Fujimoto et al. 2003). Besides pretreatment and intermediate cycle 
treatment of CaO sorbents using the hydration method, Manovic and Anthony 
studied a hydration post-treatment on the ‘spent and sintered’ samples produced in a 
tube furnace by repeating the calcination and carbonation process 20 times. The 
extent of conversion of the reactivated samples approached 70%, compared with the 
35%–40% conversion of the untreated samples, and the reactivated samples 
showed better sustainability in long-term performances (Manovic and Anthony 2007).  
 Since a hydration process could potentially destroy the mechanical stability of 
the sorbents and encourage the occurrence of attrition (stability and attrition are 
considered the most crucial properties when selecting the sorbents (Anthony 2008)), 
more work is needed in order to be able to better implement the hydration method in 
the calcium looping process. However, mechanism studies of hydration reactivation 
are still required to understand the intrinsic nature of solid-gas reactions.  
2.6.2. Explanations and Mechanism 
 Intermediate hydration during cycling may possibly crack highly sintered 
sorbents and regenerate  pores of <220nm, which many researchers agree to be the 
dominant factor in the fast stage of carbonation, and also induce particle size 
reduction (Sun, Grace et al. 2008). Therefore the ‘catalytic effect’ of hydration has 
been thought to promote the opening up of the reaction interface to the reactive CO2 
gas (Dobner, Sterns et al. 1977). The results of Hughes and Kuramoto supported 
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this explanation by comparing the specific surface areas and pore volumes of 
original sorbents and hydration-treated sorbents (Kuramoto, Fujimoto et al. 2003, 
Hughes, Lu et al. 2004).  
 However, Manovic has stated that the positive effects of steam cannot be 
simply explained by the formation of Ca(OH)2, or the ‘catalytic effect’ of H2O. He 
proved that the improvement of the CaO carbonation with steam occurred in the 
diffusion-controlled stage, but not in the initial kinetically-controlled stage, by 
enhancing the solid state diffusion in the product layer (Manovic and Anthony 2010). 
2.7. Manufacture of Synthetic CaO-Based Materials 
 From the above it is clear that the fast degradation of the sorbents’ reactivity 
in cyclic reactions is the major drawback of using CaO-based sorbents in the CO2 
capture process. To improve the sustainability of sorbents’ reactivity in long-term 
reactions, besides using mild calcination conditions and the hydration treatment 
method just mentioned, an alternative solution is to manufacture completely novel 
synthetic CaO-based sorbents.  
 The development of synthetic CaO-based materials can be categorised into 
three different categories, as follows: 1) filling supports or using additives in the 
sorbents, 2) preparation of nano-particles, 3) use of different precursors (Choi, Drese 
et al. 2009, Kierzkowska, Pacciani et al. 2013).  
2.7.1. Filling Supports or Using Additives in the Sorbents 
 The idea of filling the CaO-based sorbents with supporting materials arose 
from the study of dolomite, whose calcium oxide parts are supported by structural 
magnesium oxide (MgO). Silaban was one of the first researchers to test the CO2 
capture ability of commercial dolomite in multiple cycles, with a calcination 
temperature of 750°C and a carbonation temperature of 550°C. He reported that the 
CaO component in the dolomite could achieve a 90% to 95% conversion in the first 
cycle, and could maintain a very low rate of capacity loss of 1% to 2% per cycle in a 
10-cycle test (Silaban, Narcida et al. 1996). The presence of the inert MgO 
component effectively retards the sintering of the sorbent during calcination. 
Unfortunately, under severe calcination conditions (850°C and 950°C), the stability of 
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dolomite sorbents also declines rapidly (Li, Fang et al. 2009). Silaban also pointed 
out that using dolomite reduced the theoretical capture ability of calcined sorbents by 
42%, from 0.79g CO2 per gram of calcined CaCO3 to 0.46g CO2 per gram of calcined 
dolomite (Silaban, Narcida et al. 1996). 
 Inspired by the natural structure of dolomite, researchers synthesised CaO-
based sorbents with supporting materials. Ueno prepared sorbents by mixing pure 
CaCO3 and NaHCO3 in a specific ratio. At 900°C, the CaCO3 particles were 
surrounded by the liquid phase Na2Ca2(CO3)3 formed below 200°C. As a result, the 
discharging CO2 gas molecules must pass through the liquid phase Na2Ca2(CO3)3, 
so the sintering of CaO above 900°C could be restrained (Ueno, Jayaseelan et al. 
2004). Aihara added CaTiO3 into the CaCO3 in an ethanol environment to form 
spherical pellets of 10mm in diameter. The conversion of the new sorbent was 
maintained at around 60% from the first cycle to the tenth cycle, without any 
substantial change in the specific surface area (Aihara, Nagai et al. 2001). Li et al. 
synthesised CaO/Ca12Al14O33 sorbents using a hydration-based technique; this was 
able to achieve 41wt% conversion after 50-cycle reactions in mild 
carbonation/calcination conditions, at 700°C and 850°C, respectively. Li also tested 
his sorbents in more realistic severe calcination conditions, and after 56 cycles the 
synthetic sorbents were still better than natural limestone and dolomite under the 
same conditions (Li, Cai et al. 2005, Li, Cai et al. 2006). Encouraged by Li’s 
promising results, various mayenite-stabilised CaO-based sorbents were developed 
(Kierzkowska, Pacciani et al. 2013). For example, Wu et al. prepared the nano 
CaO/Al2O3 from the micro and nano CaCO3 precursor (Wu, Li et al. 2007, Wu and 
Jiang 2010). Manovic synthesised the CaO pellets using hydrated lime and 
commercial calcium aluminate cement (Manovic and Anthony 2009, Manovic and 
Anthony 2009). Pacciani claimed that they had made the optimal mayenite-
supported CaO sorbents, which retained a 0.26g CO2 capture ability per gram of 
sorbent after 20 cycles, and a 0.17g CO2 capture ability per gram of sorbent after 
110 cycles (Dennis and Pacciani 2009, Kierzkowska, Pacciani et al. 2013). Another 
successful example is to add alkaline metal salts in the synthesis process, such as 
Cs/CaO (Reddy and Smirniotis 2004), Li2CO3/CaO and K2CO3/CaO (Florin and 
Harris 2008) and KCL/CaO and K2CO3/CaO (González, Blamey et al. 2011). 
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 However, the main challenge of using supporting materials is the CaO 
concentration in the sorbents, since a high proportion of unreactive composites 
reduces the CO2 adsorption capacity compared to pure CaO sorbents. 
2.7.2. Preparation of Nanoparticles  
 Reducing the particle size of the CaO sorbents could effectively enhance the 
capture ability and the regenerability of sorbents. In Barker’s early studies he tested 
CaCO3 powder of a particle size of around 10nm, and the nano-sized sorbents 
exhibited an extraordinary reversibility through many decomposition-back reaction 
cycles (Barker 1974). Unfortunately, nano-sized particles cannot be applied directly 
to pilot or industrial scale fluidised bed facilities. 
 Recently, Florin and Harris tested the pure commercial CaCO3 of 40nm with a 
20-minute carbonation time to attempt to understand the decay asymptote. Similar 
decay behaviour to that exhibited by natural limestone was found after 100 cycles, 
and this could be attributed to sintering of the nano-sized particles that gradually 
destroyed the structure of the sorbents upon cyclic carbonation/calcination reactions, 
as shown in Figure 2-17. 
 Broda and Muller used a sol-gel technique to synthesise nano-sized CaO 
sorbents. The sorbents contained 91wt% of CaO and represented a very impressed 
CO2 capture capacity, 175% higher than the natural limestone at 900°C calcination 
after 10 cycles (Broda, Kierzkowska et al. 2012). Then they further improved the 
structure of the sorbents by removing the sol-gel template under calcination in air, 
and a highly porous nano-structured CaO crystalline film was formed (Broda and 
Müller 2012). However, the sorbents’ performance was only tested under very mild 
calcination conditions at 750°C in nitrogen.  
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Figure 2-17 (a)  The Virgin Nano-Sized CaCO3 Material with a 40nm Particle Size  
(b)  The CaCO3 Material after 100 Carbonation/Calcination Cycles (Florin and Harris 
2009) 
2.7.3. Use of Different Synthesis Precursors  
 Lu et al. proved that CaO sorbents prepared from Ca(NO3)2, CaO, Ca(OH)2, 
CaCO3 and Ca(CH3COO)2 precursors resulted in totally different CO2 absorption 
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performance, as discussed in 2.4.2, due to the variation in their surface areas and 
meso- and macro-porosity (Lu, Reddy et al. 2006). Lu’s results are consistent with 
the earlier work of Silaban, who initially confirmed that CaO sorbents derived from 
calcium acetate possessed a higher CO2 capture ability than sorbents derived from 
calcium carbonate, regardless of calcination temperature (Silaban, Narcida et al. 
1992). 
 Precipitating CaCO3 from Ca(OH)2 solution or slurry is another promising 
method by which to control the surface area and porosity of CaO-based sorbents. 
The meso-porous precipitated calcium carbonate (PCC) synthesised by Gupta and 
Fan demonstrated better thermal stability compared to sorbents made from CaCO3 
(Gupta and Fan 2002). Florin and Harris identified the optimal ratio of surfactant 
loading in PCC for the desired particle size, thus their ‘tailored’ sorbents are 
significant in terms of reducing the extent of the sorbent attrition (Florin and Harris 
2008).  
 This thesis also focuses on using surfactants and polymers in synthesising 
CaO-based sorbents with precipitation method. A detailed development of the 
experimental work will be described in the following chapters. 
2.8. Conclusions 
 In this chapter, general methodologies of CO2 removal have been reviewed in 
detail, especially the CaO-based sorbents applied in the calcium looping process. 
The review also focused on the effects of reaction conditions on the sorbents 
performance and the modification work of the sorbents. All the studied CaO based 
sorbents without exception exhibited the reactivity degradation issue after cyclic 
reactions. 
 To address this issue, synthetic sorbents were introduced to replace the 
sorbents derived from natural materials (e.g. limestone and dolomite). Even though 
the conversion extents of the synthetic sorbents were improved in the first a few 
cycles, the general degradation of the sorbents’ reactivity cannot be eliminated 
completely because of the nature of particle sintering at high temperature. Therefore 
one of the current bottlenecks of the calcium looping process is how to prepare more 
sintering-resistant CaO sorbent, without scarifying any conversion extent. The focal 
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point of previous studies was mainly on the kinetic of the carbonation reaction and 
porosity transformation of the reacted sorbents, but barely on the particle 
morphology and polymorphism, and the sintering resistance of the polymorphs of 
CaCO3 has not been discussed systematically. Therefore the emphases of this study 
are to prepare novel CaO based sorbents with engineered morphology and 
polymorphism, and also featuring high conversion extent and high sintering 
resistance. In addition, the availability of measuring instrument always set limit for 
the CO2 partial pressure in the exploration of the optimal reaction condition, therefore 
new instrumentation designs are needed to break these boundaries.  
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Chapter 3. Basic Experimental Study of the Carbonation and 
Decarbonbation Reactions 
3.1. Introduction 
 In this chapter, a series of basic experiments explaining the carbonation and 
decarbonation process of calcium-based sorbents will be discussed. Three different 
commercially available precursors are investigated to understand the mechanisms of 
carbonation and decarbonation reactions. It is extremely important to increase our 
knowledge about the product layer formation process during the carbonation 
reactions, because, as far as we know, the degradation of sorbents’ reactivity is 
mainly due to the structural change triggered by the product layer formation.   
 The selected materials are tested in the Q500 thermo-gravimetric analyser 
(TGA) manufactured by TA Instruments. In order to better observe and compare the 
transition process from the chemical reaction kinetics dominated region to the 
product layer diffusion dominated region, all the experiments in this chapter are 
carried out under the same conditions in the TGA.  
 Finally, cyclic experiment results of these sorbents are also given here. 
Almost without exception all the samples showed a significant degradation rate in 
CO2 capture ability over ten-cycle runs.  
3.2. Materials and Experiment Setup 
3.2.1. Solid Materials and Gases  
 Three calcium-based materials are selected as the precursors for preparing 
the CaO sorbents: Longcliffe limestone (250-500µm in diameter, ≥99% CaCO3, 
Longcliffe, UK), calcium acetate monohydrate (Ca(CH3COO)2·H2O, ≥99%, Sigma 
Aldrich, UK) and calcium carbonate (CaCO3, ≥99%, Sigma Aldrich, UK). All these 
materials are commercially available and are used as received.  
 CO2 and nitrogen gas cylinders purchased from BOC (BOC, UK) are used to 
simulate the flue gas scenario of fossil fuel power plants. In the carbonation 
reactions, the CO2 gas is mixed with N2 at a 15% volume ratio, and the 
decarbonation reactions are carried out in a pure N2 environment. 
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3.2.2. Experiment Setup 
3.2.2.1. TA Instruments Q-500 Gravimetric Analyser 
 In order to investigate the CO2 capture quantity of each kind of sorbent, the 
research grade TA Instruments Q-500 TGA is used. The Q-500 TGA features a 
responsive heating furnace, ultra-sensitive microbalance and an efficient horizontal 
purge gas system (with mass flow controller). Since this compact bench-top device 
has been very commonly used by other CaO-based sorbents researchers, it is 
possible to compare the results from the data collected from it with the literature 
data.  
 
Figure 3-1 TA Instruments TGA (http://www.tainstruments.com/) 
 TGA is a method of thermal analysis where the mass change of the sample is 
monitored as a function of temperature or time in a particular flow gas environment, 
thus allowing the physical properties and chemical properties of the materials to be 
analysed. The thermal analysis allows us to understand the sorbents’ decomposition 
patterns, degradation mechanisms and reaction kinetics.  
 For the calcium looping process, the reversible carbonation and 
decarbonation processes can be simulated in the TGA by swinging temperature and 
flow gas composition using a pre-set programme. By repeating the temperature and 
flow gas alteration in multiple cycles, the degradation mechanisms of the sorbents 
are also studied systemically.  
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3.2.2.2. TGA Experiment Setup 
 As discussed in section 2.4.1, considering the industrial requirements and 
applications, the appropriate temperature settings for the carbonation and 
decarbonation processes are 650°C and 900°C respectively. Some studies report a 
decarbonation temperature of 850°C, which is called the ‘mild calcination condition’; 
in this condition the sorbents’ degradation rate is slightly less severe. We believe that 
if sorbents can survive the very harsh 900°C calcination temperature, they could 
perform better in the 850°C milder conditions. 
 The TGA’s built-in furnace is able to provide a sharp and efficient temperature 
ramping gradient. Three ramping gradients for varying the temperature in between 
the carbonation and calcination cycles were investigated at: 50°C/min, 100°C/min 
and 200°C/min, and no major deviation in the sample’s CO2 capture ability and 
reaction kinetic was found as using different ramping gradients. Eventually the 
100°C/min was chosen, as this made the experimental data to be comparable with 
literature results, and effectively shortened the running time of the multi-cycle 
experiment. However, further research for determining the optimal ramping gradients 
is still inevitably required for industrial applications, since the ramping gradient 
(especially when switching from carbonation status to calcination status) significantly 
affects the sintering rate of sorbents, which is considered as the main reason 
triggering the degradation of the sorbents’ reactivity.    
 The decarbonation period is set to five minutes, which has been proved to be 
sufficient, and the carbonation period is set to 60 minutes, in order to observe the 
sorption curve completely.  
 A small amount of sample (≤20mg) is loaded, in accordance with the 
maximum loading limit of the microbalance. The programme settings are shown in 
Table 3-1. 
TGA Programme Settings 
1. Equilibrate at 50 °C 
2. Ramp 100 °C/min to 900 °C 
3. Select gas 1 (Nitrogen) 
4. Isothermal for 5 min. (Calcination reaction) 
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5. Ramp 100 °C/min to 650 °C 
6. Select gas 2 (15% CO2 and balanced Nitrogen) 
7. Isothermal for 60 min. (Carbonation reaction) 
8. Select gas 1 (Nitrogen) 
9. Ramp 100 °C/min to 20 °C 
10. End of method 
Table 3-1 TGA Programme Settings for Carbonation and Decarbonation Reaction 
3.2.2.3. Data Analysis Methodology  
 The mass change of sorbents during the carbonation process reflects the 
amount of CO2 capture by the sorbents. From the mass loss or uptake of the 
sample, the extent of decomposition and carbonation can also be calculated. 
 In Figure 3-2, the Longcliffe limestone sample is used as an example to 
demonstrate the data analysis methodology used here. The green curve represents 
the percentage of the initial sample mass, and the blue curve represents the 
temperature.  
 The temperature is ramped up from room temperature to 900°C within a few 
minutes, and remains there for another five minutes. Then the temperature drops to 
650°C at the same rate. At this point, the flow gas is switched from pure N2 gas to 
15% CO2/85% N2 mixed gas. After 60 minutes, the carbonation process is expected 
to be mostly complete.  
 The mass changes of the sample can be divided into four steps: 
1) In the first a few minutes there is a very little mass drop of the sample 
(≤0.4%), mainly because of the moisture condensed in the particles being 
expelled and evaporating. 
2) As soon as the temperature reaches 690°C, the mass curve drops down 
quickly when the calcination starts. Theoretically, the percentage of the 
rest of the sample is supposed to remain at 56% (CaO) if the material is 
pure CaCO3. However, due to the moisture content and other impurities 
(as shown in Table 3-2), the experimental result here is 55.9%.  
3) At this stage, the temperature is stabilised at 900°C for five minutes. 
Eventually, a rather flat curve is obtained, which indicates that the 
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calcination process is completed. The temperature drops to 650°C. By 
now the flow gas is N2 at all times.   
4) When the flow gas is switched to 15% CO2/85% N2, the sample’s mass 
starts to increase. The carbonation process starts at this stage and lasts 
for all of the next 60 minutes. In the end we record the sample’s weight as 
being 88.58% of the initial weight. From these numbers we are able to 
calculate the extent of conversion of the CaO sorbents contained in the 
Longcliffe sample. 
Component   %   
CaCO3   99.04   
SrO   0.00   
SiO2   0.10   
MnO   0.16   
MgO   0.20   
K2O   0.05   
Fe2O3   0.02   
Al2O3   0.10   
S   0.02   
P   0.01   
F   0.02   
 
Table 3-2 Composition of Longcliffe Limestone (Provide by the Supplier) 
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Figure 3-2 Longcliffe Sample Mass Change and Temperature vs Time 
 The XCO2, the extent of conversion of the sorbent, is defined as: 
 
𝑋𝐶𝑂2 =  
𝑀𝑜𝑙𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝑎𝑂
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐶𝑎𝑂 𝑖𝑛 𝑆𝑜𝑟𝑏𝑒𝑛𝑡
= 
𝑁𝐶𝑂2
𝑁𝐶𝑎𝑂
 
Equation 3-1 
 
 Where NCaO presents the total mole of CaO in the sorbent, and NCO2 presents 
the mole of reacted CaO. Consider the number obtained at step 3 as NCaO. In order 
to know the value of NCO2, the amount of CO2 being captured needs to be found out. 
In fact, the difference in mass between step 4 and step 3 is equal to the CO2 
captured. According to Equation 3-1 and the molar weights of CaO and CO2, the 
XCO2 of the Longcliffe sample is expressed as: 
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𝑁𝐶𝑂2 = (88.58 − 55.90) ∗
56
44
 
Equation 3-2 
 
 
 
𝑋𝐶𝑂2 =
88.58 − 55.90
55.90
∗  
56
44
 
Equation 3-3 
 
 
 𝑋𝐶𝑂2 = 74.40% Equation 3-4 
 
 
 Following the same methodology, Figure 3-2 can be converted to a XCO2 
versus time curve, as shown in Figure 3-3.  
 Many studies prefer to express the sorbent performance with the unit mmol/g 
(mmol of CO2 captured by 1 gram of sorbent). The conversion from the XCO2 value to 
this value is straightforward: 
 XCO2=74.40% corresponds to 74.40%*17.86mmol/g=13.29mmol/g 
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Figure 3-3 Conversion Extent of Longcliffe Sample vs Time 
3.3. Calcination and Carbonation Process 
3.3.1. Calcination Process 
3.3.1.1. Calcium Acetate Monohydrate  
 The TGA result of weight and temperature vs time in Figure 3-4 reveals the 
decomposition process of Ca(CH3COO)2·H2O to CaO. The several weight plateaus 
correspond to the different decomposition steps. Firstly the adsorbed gases and 
moisture are desorbed, then the Ca(CH3COO)2·H2O dehydrates to Ca(CH3COO)2; 
this is followed by the decomposition to CaCO3 at 450°C, and eventually the CaCO3 
decomposes to CaO at above 700°C.  
 𝐶𝑎(𝐶𝐻3𝐶𝑂𝑂)₂ · 𝐻₂𝑂(𝑠) →  𝐶𝑎(𝐶𝐻₃𝐶𝑂𝑂)₂(𝑠) + 𝐻₂𝑂(𝑣) Equation 3-5 
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 𝐶𝑎(𝐶𝐻₃𝐶𝑂𝑂)₂(𝑠) →  𝐶𝑎𝐶𝑂₃(𝑠) + (𝐶𝐻₃)₂𝐶𝑂(𝑣) Equation 3-6 
 
 
 𝐶𝑎𝐶𝑂₃(𝑠)  → 𝐶𝑎𝑂(𝑠) + 𝐶𝑂₂(𝑔) Equation 3-7 
 
 
 
Figure 3-4 Decomposition of Ca(CH3COO)2·H2O 
3.3.1.2. Longcliffe Limestone 
 The decomposition of Longcliffe limestone has been shown in Figure 3-2; this 
only involves moisture desorption and decomposition from CaCO3 to CaO.  
3.3.1.3. Calcium Carbonate  
 The decomposition process of calcium carbonate is very similar to that of 
Longcliffe limestone, as shown in Figure 3-5.  
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Figure 3-5 Decomposition of CaCO3 
3.3.2. Carbonation Process 
3.3.2.1. Reaction Kinetics Region and Product Layer Diffusion 
Region 
 The conversion curve of Longcliffe limestone as a function of time is shown in 
Figure 3-3. It is obvious that along with the reaction moving forward, there is a 
second slow stage, with totally different characteristics from the initial fast stage. The 
grain model discussed in Chapter 2 is applied here to determine the region of 
kinetics dominated reaction. 
 To quantify the kinetics dominated region, the grain model proposed by 
Szekely et al. (Szekely, Evans et al. 1976) is used:  
 
𝑑𝑋
𝑑𝑡(1 − 𝑋)
2
3⁄
= 3𝑟 Equation 3-8 
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 In Equation 3-8, X represents the conversion extend of the carbonation 
reaction, t represents time and r represents the reaction rate. In integral form, 
Equation 3-8 converts to: 
 1 − (1 − 𝑋)
1
3⁄ = 𝑟𝑡 Equation 3-9 
 According to Equation 3-9, under kinetics control, the plot of 1 − (1 − 𝑋)
1
3⁄  as 
a function of t should give a linear line. As shown in Figure 3-6, the starting point of 
the linear line is found after a short induction period featuring a lower slope, and after 
the ending point, the slope trends to lower down again. The short linear stage 
identifies the kinetics dominated region of the carbonation reaction. It should be 
noted that the initial induction period also belongs to the kinetics dominated region. 
Therefore the kinetics dominated region of the Longcliffe sample starts from 17.5min 
when the carbonation starts and ends at 21.1min.  
 The stage 1 in Figure 3-7 is the reaction kinetics dominated period. In this 
period the solid reactants are consumed quickly, and the product layer forms around 
the reactants. Due to the difference in molar volume of CaO and CaCO3, the pores 
on the sorbent surfaces will be slowly filled by the product layer. The blockage of the 
pores greatly increases the resistance of the CO2 gas molecules passing through the 
gas-solid interface, where access to the unreacted CaO requires diffusion through 
the product layer.  
 Once the resistance is great enough, the reaction mechanisms are transferred 
to the product layer dominated period. The product layer consists of crystalline 
grains of CaCO3, and these grains grow from a µm diameter to the dimension of the 
particle (Mess, Sarofim et al. 1999). At this stage, the reaction is controlled jointly by 
the surface reaction kinetics and by product layer diffusion. 
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Figure 3-6 Determination of the Kinetics Dominated Region with Grain Model 
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Figure 3-7 Two Stages During the Carbonation Process of Longcliffe Sample 
3.3.2.2. Comparison of Different Samples 
 CaO-based sorbents derived from different precursors have different kinetics 
characteristics. Using the methodology proposed in section 3.2.2.3, the TGA results 
of calcium acetate monohydrate, Longcliffe limestone and calcium carbonate plotted 
in Figure 3-8 clearly show the variation in the CO2 absorption characteristics of each 
sorbent.  
 All the three samples exhibit a dual-stage transition in their carbonation 
process. However, the curves do not show too much overlapping, which means that 
every sample experiences a different reaction procedure.  
 In Figure 3-8, the limestone sample, represented by the red solid line, has a 
quick and efficient reaction kinetics dominated stage, in which 72.01% of the total 
conversion was accomplished (XCO2=53.59% over XCO2=74.42% at the end of the 
reaction). The product layer diffusion dominated stage is then abruptly entered. On 
the other hand, the CaCO3 sample’s first stage is rather short and less efficient. The 
Ca(CH3COO)2 sample’s result is somewhere in between the limestone sample and 
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the CaCO3 sample, and its transition curve from the first stage to the second stage is 
very smooth. Among all the three samples, Ca(CH3COO)2 appears to be the best 
precursor for CaO-based sorbents, since it has the best conversion extent, 
XCO2=78.16%.  
 The reasons for these different results are mainly related to the variations in 
particle surface morphology, particle size and porosity. Detailed explanations of the 
results, based on characterisation results, will be given in the next chapter.  
 
Figure 3-8 XCO2 Comparison of Sorbents Derived From Longcliffe Limestone, 
Ca(CH3COO)2·H2O and CaCO3 
3.4. Multi-Cycle Carbonation and Decarbonation Reactions 
3.4.1. Experiment Setup 
 The multi-cycle experiment has the same TGA setup as was used in the 
previous single cycle experiment. At the end of the first cycle, the temperature ramps 
up to 900°C again, instead of cooling down to room temperature, and simultaneously 
the gas switches to N2. The cyclic carbonation and decarbonation reactions alter 
continuously without any interruption. The cyclic programmes are shown in Table 3-
3.    
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TGA procedure method for ten cycles  
1. Equilibrate at 50 °C 
2. Ramp 100 °C/min to 900 °C 
3. Select gas 1 (Nitrogen) 
4. Isothermal for 5 min. (Calcination reaction) 
5. Ramp 100 °C/min to 650 °C 
6. Select gas 2 (15% CO2 and balanced Nitrogen) 
7. Isothermal for 60 min. (Carbonation reaction) 
8. Select gas 1 (Nitrogen) 
9. Ramp 100 °C/min to 900 °C 
10. Isothermal for 5 min. 
11. Ramp 100 °C/min to 650 °C 
12. Repeat segment 6 for 14 times (To carry out the cycling process) 
13. End of method 
Table 3-3 TGA Programme Settings for Multi-Cycle Reactions 
3.4.2. 10-Cycle Test on Limestone 
 In section 2.5 we discussed the degradation of the sorbents’ reactivity as a 
result of being reused, and in section 3.3.1 the single cycle reaction characteristics 
were introduced. In this section, we will focus on the multi-cycle carbonation and 
decarbonation reactions. The Longcliffe limestone is again selected as the example 
sample.  
 Figure 3-9 shows the weight change of the limestone sample in the 15-cycle 
carbonation and decarbonation reactions. As seen in the enlarged picture, the 
calcined sample weights are slightly different in each cycle: this is due to the loss of 
matter when switching gases. Therefore, when calculating the XCO2,n of each cycle, 
the Na,n values need to be collected independently. Using the conversion extent 
equation, the 10-cycle CO2 capture capacity performance of the limestone sorbent is 
obtained (Figure 3-10). 
68 
 
 
Figure 3-9 TGA Results of Limestone 10-cycle Reaction 
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Figure 3-10 XCO2 vs Number of Cycles 
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 Combining results in Figure 3-9 and Figure 3-10, the following conclusions 
can be drawn:  
1. In cyclic reactions, the carbonation process of each cycle features a reaction 
kinetics dominated fast region and product layer diffusion dominated slow 
region. 
2. The transition characteristics from the fast region to the slow region change 
gradually along with the number of cycles. In later cycles the fast region 
period becomes shorter than in the earlier cycles. 
3. The degradation of the sorbents’ CO2 capture capacity is considerable. The 
degradation rate drops rapidly in the first six cycles and then becomes slowly 
greater in the following cycles.  
3.5. Conclusions 
 The calcination and carbonation process of different precursors briefed in this 
chapter presented the TGA program settings and data analysis methodology, and 
the reaction kinetic of both stages were described according to the experimental 
data. The 10-cycle result showed the degradation issue of the tested sorbent.  
 To explain the variation of reaction kinetics in different sorbents and the 
general degradation issue, particle characterisation work is extensively needed 
which will be discussed in the following chapters. 
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Chapter 4. Materials and Characterisation Methodologies  
4.1. Introduction  
 In order to substantially improve the reactivity and sustainable performance of 
CaO-based sorbents in long-term reactions, methods for synthesising the novel 
sorbents are introduced in this chapter. These synthesis processes involve using 
different organic materials as additives; these play the most important role in 
customising the CO2 capture ability of these novel sorbents. To better understand 
the chemical and physical properties of the synthesised sorbents, various 
characterisation methods are also explained here. 
 It has been found that the morphology of the sorbent precursors (CaCO3 
particles) has a crucial impact on the sorbents’ sustainability. This factor has been 
consistently ignored by other researchers. Therefore, in the current study the three 
polymorphisms of the precursor material are systematically characterised and 
compared with the literature, and sorbents with certain polymorphisms are 
selectively prepared. 
 This chapter outlines the synthesis and characterisation methods used in the 
current study for the preparation of novel sorbents. Furthermore, a brief overview of 
the characterisation methods used is provided. Along with four synthesised sorbents 
in which the processes involve using organic additives, sorbents with a particular 
ratio of polymorphisms are also prepared. 
4.2. Sorbents’ Synthesis and Characterisation 
4.2.1. Synthesis of Precipitated Calcium Carbonate (PCC) Particles 
4.2.1.1. Materials  
 In order to precipitate the precursor CaCO3 in aqueous solution, sodium 
carbonate, Na2CO3, (≥99.5%, Sigma Aldrich) and calcium chloride dihydrate, 
CaCl2·2H2O  (≥99%, Sigma Aldrich) were used. Both chemicals were obtained from 
Sigma Aldrich and were used as received. 
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4.2.1.2. Experimental Method 
 The idea was to precipitate CaCO3 particles in aqueous solution, according to 
the chemical reaction shown in Equation 4-1. 1 litre of 0.1M CaCl2 and Na2CO3 
solutions was prepared in deionised water (DI water) for future use.  
 25ml of 0.1M CaCl2 solution was slowly added to 200ml DI water in a 500ml 
beaker. Then another 25ml of 0.1M Na2CO3 solution was added to the same beaker 
at a controlled speed of 10ml/min, by the ISMATEC peristaltic pump. The solution 
was stirred by a magnetic stirrer at a speed of 300rpm, from the beginning of the 
reaction until five minutes after the Na2CO3 solution was completely added to the 
solution. The temperature during the entire reaction was maintained at 20°C. 
 The solution was then sealed and kept for 12 hours for complete precipitation. 
Afterwards, the precipitant was washed with DI water four times, to wash out the 
remaining Na+, Ca2+, and NaCl. A vacuum filtration system was used to accelerate 
the washing process. Finally, the precipitants were dried at room temperature for 24 
hours before being collected.     
4.2.2. Synthesis of PCC with Polystyrene  
4.2.2.1. Materials  
 Several sacrificial materials were added in the calcium carbonate precipitation 
process, to create better modification effects in respect of the surface chemical and 
physical properties of the sorbent precursors. The methods of incorporating 
sacrificial materials into PCC were different for each chemical.  
 To synthesise the hollow PCC with polystyrene (PS), sodium carbonate, 
Na2CO3, (≥99.5%, Sigma Aldrich) and calcium chloride dihydrate, CaCl2·2H2O 
(≥99%, Sigma Aldrich) as mentioned above, were used as received. Polystyrene 
(PS, Mw=29,300, Scientific Polymer Products) was used as sacrificial material to 
create hollow and porous calcium carbonate (Yue, Zheng et al. 2008). It is believed 
that the undissolved polystyrene particles in the aqueous solution might act as a 
template for formation of the hollow calcium carbonate. 
 CaCl2.2H2O + Na2CO3→NaCl + CaCO3 + 2H2O Equation 4-1 
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4.2.2.2. Experimental Method 
 Polystyrene is a water insoluble polymer: hence it was first dissolved in 
chloroform. 25mg of polystyrene (10wt%) was added to 100 ml of chloroform (100%, 
VWR International LLC). The solution was continuously stirred at 60°C for 30 
minutes in order to ensure complete mixing. After that the solution was mixed with 
25ml of 0.1M Na2CO3 diluted in 200ml DI water. At a flow rate of 10 ml/min, 25 ml of 
0.1M CaCl2·2H2O was slowly dripped into the PS and Na2CO3 solution. The liquid 
was stirred for another 30 minute at 20°C and 300rpm. 
 The solution was then sealed and kept for 12 hours for complete precipitation. 
Afterwards, the precipitant was washed with DI water four times, to wash out the 
remaining Na+, Ca2+, NaCl and residual PS. A vacuum filtration system was used to 
accelerate the washing process. Finally, the precipitants were dried at room 
temperature for 24 hours before being collected. 
4.2.3. Synthesis of PCC with Polyethylene Glycol (PEG) and Sodium 
Dodecyl Sulfate (SDS)  
4.2.3.1. Materials  
 To synthesise the hollow spherical PCC with PEG and SDS, sodium 
carbonate, Na2CO3, (≥99.5%, Sigma Aldrich) and calcium chloride dihydrate, 
CaCl2·2H2O (≥99%, Sigma Aldrich), as mentioned above, were used as received. 
The polyethylene glycol with various molecular weights (PEG4000 with Mw=4000 
from Fisher Scientific; PEG2000 with Mw=2000, PEG6000 with Mw=6000 and 
PEG10000 with Mw=10000 from Fluka Chemika) and the sodium dodecyl sulfate 
(SDS, 99%, Sigma Aldrich) were used as the template for the formation of hollow 
spherical calcium carbonate. The polymer PEG can interact with the SDS to form 
PEG-SDS complex micelles, which provides an organic-inorganic nucleation site for 
crystallisation of CaCO3 (Ji, Li et al. 2008), as shown in Figure 4-1. The strong 
interaction of SDS and Ca2+ creates a high local supersaturation of Ca2+, which 
encourages the growth of CaCO3 crystals surrounding the complex micelles. 
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Figure 4-1 (a) image of PEG-SDS micelles in solution; (b) formation of PCC 
surrounding the micelles; (c) after calcination at 450°C; (d) after further calcination at 
700°C. Modified from Yue et al. (Yue, Zheng et al. 2008) 
 
4.2.3.2. Experimental Method 
 Weighed PEG was added to 200ml DI water, followed by weighed SDS 
power. To allow comparisons, combinations with different PEG/SDS mass ratios 
were attempted, in order to prepare different samples, as shown in Table 4-1. 25ml 
of 0.1M CaCl2 solution was slowly added to the solution, then another 25ml of 0.1M 
Na2CO3 solution was added to the same beaker at a controlled speed of 10ml/min, 
by the ISMATEC peristaltic pump. The solution was stirred by a magnetic stirrer at 
300rpm speed, from the beginning of the reaction until five minutes after the Na2CO3 
solution was completed added to the solution. The temperature during the entire 
reaction was always maintained at 20°C. 
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 The solution was then sealed and kept for 12 hours for complete precipitation. 
Afterwards, the precipitant was washed with DI water four times to wash out the 
remaining Na+, Ca2+, and NaCl. A vacuum filtration system was used to accelerate 
the washing process. Finally, the precipitants were dried at room temperature for 24 
hours before being collected. 
In 250ml Solution 
PEG/g SDS/g Concentration of PEG Concentration of SDS 
0.250 0.145 1.0g/L 2.0mM 
0.250 0.073 1.0g/L 1.0mM 
0.250 0.290 1.0g/L 4.0mM 
0.125 0.145 0.5g/L 2.0mM 
0.500 0.145 2.0g/L 2.0mM 
Table 4-1 Combinations of PEG/SDS Mass Ratios 
4.2.4. Synthesis of PCC with PEG and Polysorbate 80 
4.2.4.1. Materials  
 To synthesise the hollow spherical PCC with PEG and polysorbate 80 
(Tween80), sodium carbonate, Na2CO3, (≥99.5%, Sigma Aldrich) and calcium 
chloride dihydrate, CaCl2·2H2O (≥99%, Sigma Aldrich), as mentioned above, were 
used as received. From previous experiment results, it was found that the 
PEG10000 demonstrated the optimum effect in forming the micelle templates. 
Therefore, polyethylene glycol with a 10000 molecular weight (PEG10000 with 
Mw=10000 from Fluka Chemika) and polysorbate 80 (99%, Sigma Aldrich) were 
selected as the template for the formation of hollow spherical calcium carbonate. 
Besides being the template for modifying the morphology of particles, the presence 
of the non-ionic surfactant Tween80 was also expected to prevent the metastable 
vaterite transforming to calcite in the aqueous solution. 
4.2.4.2. Experimental Method 
 Weighed PEG was added to 200ml DI water, and a certain amount of liquid 
phase Tween80 was slowly injected into the solution using a 25ml syringe. To allow 
comparisons, combinations with different PEG/Tween80 mass ratios were added, in 
order to prepare different samples, as shown in Table 4-2. 25ml of 0.1M CaCl2 
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solution was slowly added to the solution, then another 25ml of 0.1M Na2CO3 
solution was added to the same beaker at a controlled speed of 10ml/min, by the 
ISMATEC peristaltic pump. The solution was stirred by a magnetic stirrer at 300rpm 
speed, from the beginning of the reaction until five minutes after the Na2CO3 solution 
was completed added to the solution. The temperature during the entire reaction was 
always maintained at 20°C. 
 The solution was then sealed and kept for 12 hours for complete precipitation. 
Afterwards, the precipitant was washed with DI water four times, to wash out the 
remaining Na+, Ca2+, and NaCl. A vacuum filtration system was used to accelerate 
the washing process. Finally, the precipitants were dried at room temperature for 24 
hours before being collected. 
 Apart from the standard 12-hour precipitation time, shorter periods of 
precipitation were implemented, at 30 seconds, one minute, two minutes and five 
minutes. This was because it has been found that precipitation time could affect the 
polymorphism of the PCC particles.  
 PCC prepared with only Tween80 was also carried out. The method was 
same as the procedure detailed in this section. 
 
In 250ml Solution 
PEG/g Tween80/g 
Concentration of 
PEG 
Concentration of 
Tween80 
0.250 1.000 1.0g/L 4.0g/L 
0.250 2.000 1.0g/L 8.0g/L 
0.250 3.000 1.0g/L 12.0g/L 
0.250 4.000 1.0g/L 16.0g/L 
   Table 4-2 Combinations of PEG/Tween80 Mass Ratios 
 
In 250ml Solution 
Tween80/g Concentration of Tween80 
1.000 4.0g/L 
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2.000 8.0g/L 
3.000 12.0g/L 
4.000 16.0g/L 
Table 4-3 PCC with Tween80 at Various Concentrations 
 
4.2.5. Physically Mixed Sorbents 
4.2.5.1. Materials  
 For this section, samples were prepared by physically mixing the samples 
made as described in section 4.2.1 and section 4.2.4. The purpose is to investigate 
the effect of the precursor’s polymorphism on the CO2 capture performance.  
4.2.5.2. Experimental Method 
 Prior to the mixing process, X-ray diffraction (XRD) analysis of all the previous 
samples was carried out. According to the XRD results, samples made as described 
in section 4.2.1 and 4.2.4 are mixed to obtain certain fractions of vaterite (one of the 
three polymorphs of calcium carbonate: calcite, aragonite and vaterite). Samples 
containing 10%, 20%, 30%, 40%, 50%, 60%, 70% and 80% of vaterite by weight 
were prepared. 
 In the mixing process, weighed samples were placed in a vial. Then samples 
were oscillated by hand for 30 seconds, until the powders were mixed 
homogeneously.  
 Table 4-4 shows the designated weight percentages of vaterite and the actual 
weight percentages of vaterite in each sample, which were characterised by XRD 
(the XRD patterns of the mixed CaCO3 can be found in Appendix 3). The detailed 
samples characterisation will be discussed in the next chapter.  
 
Designated wt% of Vaterite 
Actual wt% of Vaterite Detected 
by XRD 
10.00 7.70 
20.00 11.74 
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30.00 22.11 
40.00 26.81 
50.00 38.84 
60.00 52.49 
70.00 67.93 
80.00 74.44 
Table 4-4 Designated and Actual wt% of Vaterite in Samples 
 
4.3. Characterisation Methodologies of CaCO3 Precursors 
 The CaCO3 precursors were characterised by their specific surface area, pore 
size distribution, morphology, surface vaporisation and decomposition. This section 
discusses the principles of the characterisation methods, equipment details, sample 
preparation and experiment conditions conducted in this study. 
4.3.1. Measurement of Specific Surface Area and Pore Size 
4.3.1.1. Specific Surface Area and Pore Size Measurement by N2 
Adsorption 
 Nitrogen adsorption theory is highly developed and nitrogen adsorption is a 
very commonly used method for determining surface area and pore size distribution 
of solid materials, both in industry and in academia. The method used to determine 
the specific surface area is Brunauer-Emmett-Teller (BET) model and the method 
used to calculate the pore size distribution is Barrett-Joyner-Halenda (BJH) model 
(Brunauer, Emmett et al. 1938, Barrett, Joyner et al. 1951, Gregg and Sing 1991, 
Jaroniec and Solovyov 2006). 
4.3.1.2. Equipment Information 
 In this study, the N2 gas molecules adsorption and desorption curves and 
hysteresis are measured by the Micromeritics ASAP Tristar 3000 gas adsorption 
analyser (Micromeritic, USA). The samples’ surface area and pore size distributions 
were calculated by the BET and BJH methods provided by the Micromeritics 
Analysis Software (Micromeritics, USA).  
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4.3.1.3. Sample Preparation and Experiment Conditions 
 Samples were used as collected, after being dried at room temperature. Each 
run required approximately 200mg to 300mg of samples.  
 Samples were firstly degassed in a purged helium environment at 120°C for 
six hours. After degassing, samples were immediately tested using a fully automated 
Micromeritics system. To reach the experiment isothermal condition, which was set 
at -195.8°C, liquid nitrogen was used to chill the sample columns.  
4.3.2. Qualitative and Quantitative Analysis of CaCO3 Polymorphism   
4.3.2.1. X-Ray Diffraction Analysis 
 The polymorphism of the CaCO3 precursor turned out to be a determinant 
factor of the sorbent performance in long-term reactions. Qualitative analysis of the 
CaCO3 samples’ polymorphism provided primary information, such as information 
regarding purity, crystallinity, etc. However, further quantitative analysis quantified 
the contents of calcite, vaterite and aragonite in each sample. 
 XRD analysis is used to identify the molecular structure of a crystal according 
to the specific diffraction directions of the X-rays, which is caused by the crystalline 
atoms. The working principle of XRD is based on Bragg’s law, as shown in Equation 
4-2, where λ is the wavelength, n=0, ±1, ±2, ±3,… d is the distance between 
diffracting planes and θ is the incident angle, as shown in Figure 4-2. 
 
 
 
Figure 4-2 Illustration of the Geometry Used in Bragg’s Law 
 𝑛𝜆 = 2𝑑 sin 𝜃 Equation 4-2 
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 Among the three polymorphs of CaCO3, calcite is the most thermodynamically 
stable, while the vaterite is the least stable. Rao proved in his work that the 
transformation from vaterite to calcite happened directly, without aragonite being 
formed, therefore he proposed a method to calculate the weight fraction of vaterite 
and calcite in CaCO3 samples using XRD techniques (Rao 1972). He firstly 
investigated the XRD patterns of calcite (104) and vaterite (110), (112) and (114), 
then, incorporating his finding in his PhD thesis, the relationship between the 
intensity and the fraction of calcite (vaterite) was revealed as: 
 
 
 fc  = 1 −  fv Equation 4-4 
 
 
 fv  =  
I110v + I112v +  I114v
I110v + I112v +  I114v +  I104c
 
Equation 4-3 
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Figure 4-3 XRD Patterns of Calcite in Sclerites. (104) 2θ=29.8°; (110) 2θ=36.4°; 
(113) 2θ=39.9°; (202) 2θ=43.7°; (116) 2θ=49.1°; (1010) 2θ=58.1° (Rahman and 
Oomori 2008).  
4.3.2.2. Equipment Information 
 The XRD measurements were obtained using the PANalytical X’Pert Pro 
Diffractometer (PANalytical, USA). The collected data was analysed using the X’Pert 
Pro software.   
4.3.2.3. Sample Preparation and Experiment Conditions 
 Samples were used as collected after being dried at room temperature. Each 
run required approximately 150mg to 250mg samples. The tested samples were 
collected for other characterisation experiment. 
 The starting 2θ angle was 20° and ended at 60°, with a step size of 0.02˚, a 
time per step of 80 seconds and a scanning speed of 0.00025˚ per second.  
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4.3.3. Morphology Analysis of Precursor Particles 
4.3.3.1. Scanning Electron Microscopy 
 The three polymorphs of CaCO3 reflect different morphologies in terms of 
shape and particles size: calcites are normally trigonal-rhombohedral, it is claimed 
that aragonites are pseudo-hexagonal, and vaterites belong to the hexagonal crystal 
system.  
 A scanning electron microscope (SEM) is a straightforward tool that is used to 
observe the morphologies of particles: it produces images by scanning the sample 
with a focused beam of electrons that interacts with the atoms in the sample. The 
signals from these interactions contain information about the sample’s surface profile 
and chemical composition.  
 Figure 4-4 depicts the working principle of a standard SEM. SEM uses 
electrons to form images instead of light, thus it can provide ultra-high resolution of 
the sample’s surface. 
 
Figure 4-4 Working Principle of SEM (Radiological and Environmental Management 
Department, Purdue University http://www.purdue.edu/ehps/rem/rs/sem.htm) 
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4.3.3.2. Equipment Information 
 Two types of SEM were used for different purposes.  
 The Hitachi TM1000 SEM (Hitachi, Japan), with magnification of 20 to 10000, 
was used to observe the particles’ surface topography. The bench-top TM1000 
offered quick and relatively high resolution results and chemical composition 
analysis, with a built-in energy-dispersive X-ray spectroscopy (EDS) function.  
 LEO Gemini 1525 field emission gun SEM (FEGSEM) was used when higher 
resolution images (nanoscale) were needed.  
4.3.3.3. Sample Preparation and Experiment Conditions  
 Both SEMs required high quality sample preparation prior to the experiment. 
TM1000 demanded samples to be sputtering coated with gold in high vacuum 
conditions, and LEO Gemini 1525 required the coating material to be platinum. Using 
adhesive carbon discs was also necessary to increase the sample’s conductivity.   
4.3.4. Degas and Decomposition Analysis of Precursor Particles 
 The surface degas and decomposition analysis was conducted in the TGA as 
mentioned in Chapter 2. Degas and decomposition reactions proceeded at different 
temperature plateaus. 
4.4. Conclusion  
 A detailed explanation of the calcium carbonate precursor synthesis process 
as well as the materials used in this study has been provided. The series of 
characterisation methods employed in order to understand the physical/chemical 
properties of the precursors has been described briefly.  
 Considering the extensive number of published studies regarding the different 
characterisation techniques, the methods used in this chapter are limited to the 
perspectives of the current study.   
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Chapter 5. Characterisation of Sorbent Precursors  
5.1. Introduction  
 In this section, the characterisation results of the non-synthesised and 
synthesised CaO sorbent particles are presented. The characterisation 
methodologies applied in this chapter have been discussed in Chapter 4; therefore, 
the emphasis here is on particle morphology, specific surface area and pore size 
distribution and polymorphism.  
 Regarding characterisations of the non-synthesised sorbents, the effects of 
using different commercially available calcium-based precursors are reported: 
Longcliffe limestone, calcium acetate monohydrate and calcium carbonate (the 
material details were given in Chapter 3. Regarding the characterisations of the 
precursors of synthesised sorbents, besides the variety of the additives, the 
concentration of the additives and the precipitation conditions are also investigated.   
 A novel characterisation identified in this study is the effect of the vaterite form 
composition in the synthesised calcium carbonate precursors. This is consistently 
neglected because of the difficulty of obtaining a sustainable vaterite form. Thus, a 
facile method of synthesising a vaterite form is reported, and the correlation of the 
vaterite form composition and the CO2 capture performance is verified 
experimentally.  
5.2. Results and Discussion 
5.2.1. Effects of Precursor for Non-Synthesised CaO Sorbents 
 According to the literature, CaO sorbents derived directly from different 
precursors perform very differently in terms of CO2 capture ability. Three precursors 
for preparing the non-synthesised CaO sorbents were tested and compared: 
Longcliffe limestone, calcium acetate monohydrate and calcium carbonate (material 
details were given in Chapter 3). The limestone, which is considered as one of the 
most promising sorbents used at an industrial scale, will be used as the benchmark 
to compare the synthesised sorbents in further discussions.  
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5.2.1.1. Effects of Precursor on Specific Surface Area and Pore Size 
Distribution 
  
 All the CaO sorbents in this section were derived from precursors using a tube 
furnace under the same calcination conditions in the TGA as listed in Chapter 3, 
except the temperature ramping rate of the tube furnace was set at 20°C/min. The 
advantage of calcining precursors in the furnace was the ability to obtain a larger 
amount of the CaO sorbents, which was suitable for the surface area analyser. The 
disadvantage of using tube furnace is the difference in the ramping rate settings, and 
the effect of ramping rate on the particle sintering rate should be noticed. A more 
customised high temperature and high pressure instrument for studying the CaO 
sorbents in the calcium looping process is desired.  
 Sorbents samples were first degassed at 120°C for six hours in a helium 
environment. Liquid nitrogen was used to obtain the isothermal condition.  
 The surface area, pore volume and pore size measurement results are listed 
below in Table 5-1, and the pore size distribution result is shown in Figure 5-1. As 
can be seen, the CaO particles derived from calcium acetate monohydrate had the 
highest surface area and pore volume values; however, the sample that presented 
the highest average pore size was derived from Longcliffe limestone. 
 
Sample 
BET Surface 
Area (m²/g) 
Pore Volume 
(BJH) (cm³/g) 
Average Pore 
Size (nm) 
CaO-Longcliffe 
limestone 
8.82 0.069 31.5 
CaO-
Ca(CH₃COO)₂ 
23.67 0.084 14.2 
CaO-CaCO₃ 20.50 0.127 24.7 
Table 5-1 Surface Area, Pore Volume and Average Pore Size Measurement: 
Sorbents Derived from Different Precursors 
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Figure 5-1 Pore Size Distribution of CaO Sorbents Prepared from Limestone, CaAC 
and CaCO3 
5.2.1.2. Effect of Precursor on Particle Morphology 
 The morphology of each sorbent varies depending on the precursor chosen. 
The primary surface physical properties can be obtained from SEM observation 
results. 
 The Longcliffe limestone precursor showed a bulky particle structure at 
around 500µm in diameter under SEM observation; however, very fine particles of 
around 1–2µm were found attached to the surface of the bulky particles (Figure 5-2 
(a) and (b)). After calcination in the furnace, the bulky particles broke into smaller 
particles of around 30–50µm in diameter (Figure 5-2 (c)).   
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Figure 5-2 Longcliffe Limestone Precursor and Sorbent 
 The calcium acetate monohydrate precursors are known for their fluffy 
structure, which might potentially increase the surface area (Figure 5-3 (a)). After 
calcination, the particles’ structure remained almost the same (Figure 5-3 (b)).  
 
Figure 5-3 Calcium Acetate Monohydrate Precursor and Sorbent 
 The calcium carbonate precursor and the derived CaO sorbent both show 
cubic morphology, without any significant change after the calcination process.  A 
uniform particle size of between 5 and 10µm could be seen in the SEM images 
(Figure 5-4 (a) and (b)). 
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Figure 5-4 Calcium Carbonate Precursor and Sorbent 
 
5.2.1.3. Effect of Precursor on Sorbent Polymorphism 
 Even through there are tremendous differences in the three precursor 
materials, the CaO sorbents obtained presented the same characteristic 2θ values at 
34.2°, 37.6° and 54.2°, which indicated that the precursor materials were completely 
converted to calcium oxide particles upon calcination, and that their chemical 
compositions and crystalline phases were similar. 
88 
 
 
Figure 5-5 CaO Derived from Different Precursors 
 
5.2.1.4. Sorbents Carbonation Reaction Test  
 In the discussion of the fundamental carbonation reaction studies in Chapter 
3, the CO2 capture performance of sorbents derived from the Longcliffe limestone, 
calcium acetate monohydrate and calcium carbonate were shown in Figure 3-8. The 
XRD results indicated that all the sorbents shared a very similar chemical 
composition and similar crystalline phases – thus these properties were not the 
major reason for the differing carbonation reaction kinetics and performances. The 
fact that the sorbent derived from Longcliffe limestone had a quick reaction kinetics 
dominated region, was due to the fine particles being attached to the surface of the 
bulky limestone particles. As long as the particle surfaces were covered by the 
formed CaCO3 product layer, the reaction switched to the product layer diffusion 
dominated period, and its small surface area and porosity limited the progress of this 
period reaction. However, the sorbent derived from the calcium acetate monohydrate 
combined a fluffy structure and a larger surface area and porosity, which helped the 
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CO2 gas molecules to react with inner sorbents. Therefore this sorbent performed 
the best in terms of CO2 reactivity at the end of the carbonation reaction. 
5.2.2. Effects of Sacrificial Additives for Synthesised CaO Sorbents 
 To address the sorbents’ poor CO2 reactivity and degradation problems, 
synthesised precursors, via a precipitation method, were introduced. In this section, 
the characterisation results of the synthesised precursors with or without additives 
are investigated and compared. 
 Not all the additives showed positive effects on the sorbents’ performance. 
Therefore only the ones that enhanced the sorbents’ reactivity are studied further in 
the next two sections regarding the additives’ concentration and precipitation time. 
The additives focused on are polystyrene, polyethylene glycol, sodium dodecyl 
sulfate and polysorbate 80 (Tween80). 
 The synthesised CaCO3 precursor without an additive was detailed in section 
4.2.1 – the PCC. This only used the calcium chloride and sodium carbonate aqueous 
solutions. Various additives were then attempted in the PCC synthesis process: PCC 
with 10wt% polystyrene (PCC+PS), PCC with 1g/L PEG10000 (PCC+PEG10000), 
PCC with 1g/L PEG10000 and 2mM SDS (PCC+PEG10000+SDS), PCC with 1g/L 
PEG2000 and 2mM SDS (PCC+PEG2000+SDS), PCC with 4g/L Tween80 
(PCC+Tween80) and PCC with 1g/L PEG10000 and 4g/L Tween80 
(PCC+PEG10000+Tween80). 
5.2.2.1. Effect of Sacrificial Additives on Specific Surface Area and 
Pore Size Distribution  
 Since the differences in the synthesised CaO sorbents are caused by the 
properties of the precursors, the next step work focus on the characterisition of the 
precursor particles.  
 The various sacrificial additives used in the precipitation process 
demonstrated a significant impact on the precursor’s surface area and porosity, as 
shown in Table 5-2. The PCC particles and PCC+PS particles measured extremely 
low surface characteristic values. The PCC+PEG10000+SDS and the 
PCC+PEG2000+SDS showed very similar results, thus the molecular weight of PEG 
90 
 
did not affect the precursor’s surface properties very much. The results of 
PCC+PEG10000+Tween80 were close to those of the non-synthesised precursors.   
 
Sample 
BET Surface 
Area (m²/g) 
Pore Volume 
(BJH) (cm³/g) 
Average Pore 
Size (nm) 
PCC 2.31 0.009 15.1 
PCC+PS 0.64 0.003 16.2 
PCC+PEG10000+SDS 12.80 0.061 18.9 
PCC+PEG2000+SDS 10.04 0.069 27.6 
PCC+PEG10000+Tween80 19.24 0.128 26.6 
Table 5-2 Surface Area, Pore Volume and Pore Size Measurement of Synthesised 
Precursors 
 
5.2.2.2. Effect of Sacrificial Additives on Particle Morphology 
 The morphology of the synthesised PCC is highly dependent on the additives. 
The PCC precursor without any additive is shown in Figure 5-6 (a): this had a similar 
cubic particle shape and size to that of the commercial calcium carbonate from 
Sigma Aldrich. PCC+PS in Figure 5-6 (b) also showed cubic particles, and the 
undissolved polystyrene was still present, as indicated by the red circle.  
 
Figure 5-6 (a) PCC Precursor and (b) PCC+PS Precursor 
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 The PCC+PEG10000+SDS precursor consists of a mixture of spherical 
particles and cubic particles (Figure 5-7 (a) and (b)). The images captured by Hitachi 
TM1000 did not reveal sufficient details of the particles’ surfaces, therefore the LEO 
Gemini1525 was used to observe the surfaces at a higher resolution. Figure 5-7 (c) 
shows that the spherical particles were actually hollow, which proved that the PEG-
SDS complex micelles had acted as the template for the CaCO3 crystals growing 
around them (Qi, Li et al. 2002, Ji, Li et al. 2008). Figure 5-7 (d) illustrates the outer 
surface and inner surface of one of these hollow spherical particles. The outer 
surface consisted of tiny cubic particles, which are believed to be mostly calcite; 
however, the inner surface, which can be seen in this broken particle, was filled with 
sub-50nm vaterite particles. 
 
Figure 5-7 PCC+PEG10000+SDS Particles. (a) and (b): by lower resolution; (c) and 
(d): higher resolution. 
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 The PCC+PEG2000+SDS was expected to have a similar morphology to that 
of the PCC+PEG10000+SDS (Figure 5-8), since the PEG2000 and PEG10000 
played the same role in the PEG-SDS micelle formation, regardless of their 
molecular weight.   
 
Figure 5-8 PCC+PEG2000+SDS Particles 
 The PCC+PEG10000+Tween80 particles were almost all spherical, with very 
uniform particle sizes of around 2–3µm in diameter, as shown in Figure 5-9 (a) and 
(b). Unlike the PCC+PEG10000+SDS, the outer surface of the 
PCC+PEG10000+Tween80 also consisted of sub-50nm vaterite particles. The 
vaterite composition will be discussed in the following sections. 
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Figure 5-9 PCC+PEG10000+Tween80 Particles. (a) and (b): lower resolution; (c) 
and (d): higher resolution 
 
5.2.2.3. Synthesised Sorbents Carbonation Reaction Test  
 In order to examine the CO2 capture performance of each synthesised 
sorbent, the carbonation reaction tests were conducted in TGA following the method 
described in section 3.2.2. Every carbonation process was maintained for 60 
minutes.  
 The PCC+PS method was unsuccessful, thus the TGA result was not 
included in Figure 5-10.  
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 Without any sacrificial additive, the PCC performed moderately, having 
reaction kinetics and an extent of carbonation similar to that of commercial calcium 
carbonate.  
 The next level was PCC+PEG10000 and PCC+PEG2000+SDS, which both 
exceeded the conversion limit of natural limestone. It was noticed that the 
PCC+PEG10000 passed a rather short reaction kinetics dominated region then 
switched to the product layer diffusion dominated region. However, the 
PCC+PEG2000+SDS and PCC+PEG10000+SDS shared a steep starting reaction, 
followed by parallel slow reactions.   
 The PCC+Tween80 and PCC+PEG10000+Tween80 obtained the highest 
conversion limit, of over 85%. This was a significant improvement compared with 
current existing sorbents.  
  
 
Figure 5-10 Synthesised Sorbents Carbonation Reaction Test 
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5.2.3. Effects of Additives Concentration 
 From the previous characterisation results it is concluded that the synthesised 
samples prepared with PEG10000/SDS and PEG10000/Tween80 showed extremely 
significant improvement in the carbonation reaction test, compared to PCC and 
natural limestone. Therefore a study involving varying the ratio of PEG10000/SDS 
and PEG10000/Tween80 was conducted in order to optimise the sorbents’ 
performance.  
5.2.3.1. Samples Prepared with Doping PEG10000 and SDS 
 Table 4-1 and 4-2 listed the experimental method of synthesising samples 
with various concentrations of PEG10000 and SDS. To simplify, letters plus numbers 
were used to clarify the samples’ names. For example, 2S1P presents precipitated 
calcium carbonate precursors with doped 2mM SDS and 1g/L PEG10000, and 3P 
presents precipitated calcium carbonate precursors with doped 3g/L PEG10000.  
 The concentration of SDS and PEG10000 had a combined effect on the 
surface area and porosity characterisation results. From Table 5-3, which compares 
samples 1S1P, 2S1P and 4S1P, it can be seen that samples prepared with a higher 
SDS concentration had a higher surface area. Comparing samples 2S0.5P, 2S1P 
and 2S2P, the concentration of PEG showed a reverse effect on the surface area 
results to that of SDS concentration.  
Sample 
BET Surface 
Area (m²/g) 
Pore Volume 
(BJH) (cm³/g) 
Average Pore 
Size (nm) 
2S1P 12.77 0.061 18.9 
1S1P 10.49 0.078 29.9 
4S1P 18.10 0.061 13.4 
2S0.5P 16.49 0.091 22.1 
2S2P 11.89 0.057 17.9 
Table 5-3 Surface Area, Pore Volume and Pore Size Measurement of Synthesised 
Precursors with SDS and PEG10000 
 From Figure 5-11 it can clearly be seen that in the case of 4S1P residual 
surfactants remained in the samples, and the ratio of SDS and PEG10000 doped 
affected greatly the ratio of spherical particles and cubic particles in the precipitated 
96 
 
samples. This indicated that the vaterite composition in each sample was different as 
a result of the precipitation conditions.  
 
Figure 5-11 (a) 2S1P (b) 1S1P (c) 4S1P (d) 2S0.5P (e) 2S2P 
 
5.2.3.2. Samples Prepared with Doping PEG10000 and Tween80 
 The samples prepared with PEG10000 and Tween80 demonstrated the best 
CO2 absorption performance among all the synthesised and unsynthesised sorbents, 
as discussed in section 5.2.2.3. The concentration effects of these additives were 
also tested by following the experimental method described in section 4.2.4.2.  
 As seen in Table 5-4, all the samples had a relatively high surface area and 
porosity. It was difficult to come to a conclusion regarding the effects of 
Tween80/PEG10000 concentration on the surface area. Further carbonation reaction 
tests were necessary here. The pore size distribution comparison of samples 
prepared by adding SDS and Tween80 are shown in Figure 5-12. 
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Sample 
BET Surface 
Area (m²/g) 
Pore Volume 
(BJH) (cm³/g) 
Average Pore 
Size (nm) 
4T1P 19.24 0.128 26.6 
6T1P 14.91 0.089 23.9 
8T1P 22.37 0.13 23.2 
8T2P 24.10 0.116 19.2 
8T3P 19.87 0.113 22.7 
8T4P 20.61 0.132 25.5 
Table 5-4 Surface Area, Pore Volume and Pore Size Measurement of Synthesised 
Precursors with Tween80 and PEG10000 
 
 
Figure 5-12 Pore Size Distribution of Samples Prepared by Adding SDS/PEG10000 
and Tween80/PEG10000 
 A high ratio of spherical particles was found in the samples prepared with 
PEG10000 and Tween 80, as shown in Figure 5-13. The particles were bound 
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together, forming a skeleton structure. This is believed to be due to the binding 
effects of the Tween80 surfactant.  
 There was a correlation between the concentration of Tween80 doped and 
the particle size. Comparing Figure 5-13 (a), (b) and (c), as the concentration of 
Tween80 increases, the particle size decreases correspondingly.  
 As fixing the concentration of Tween80, and increasing the concentration of 
PEG10000, the particle sizes remained the same, as shown in Figure 5-14. No 
residual PEG10000 polymer was found in any of these samples.  
 
Figure 5-13 (a) 4T1P, (b) 6T1P, (c) 8T1P 
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Figure 5-14 (a) 8T1P, (b) 8T2P, (c) 8T3P, (d) 8T4P 
 
5.2.3.3. Sorbents Carbonation Reaction Test 
 The sorbents prepared with different concentrations of PEG10000 and SDS 
showed unequal performance in terms of reaction kinetics and extent of conversion. 
The 4S1P sorbent, which contained remaining SDS, converted the least, achieving 
45% after 60 minutes of carbonation reaction. The 2S1P sorbents achieved the 
highest conversion level, of 85%.  
 All the curves presenting the synthesised sorbents with PEG10000 and SDS 
in Figure 5-15 had a very similar reaction kinetics dominated region at the beginning, 
and started to separate into the product layer diffusion dominated region at different 
timings.  
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 Even though the 2S1P sample had an intermediate surface area and porosity 
value, it exhibited the most outstanding CO2 capture capacity. Hence, the surface 
area and porosity characteristics were not the only decisive factors in regard to the 
sorbents’ performance.  
 
Figure 5-15 Carbonation Reaction Test of Synthesised Sorbents with PEG10000 and 
SDS 
 
 In addition to the samples listed in Table 5-4, 12T1P, 14T1P and 16T1P were 
also synthesised for carbonation reaction tests.  Comparing the six samples with 
varied concentrations of doped Tween80 in Figure 5-16, it was clearly found that the 
8T1P sample proceeded the longest in the reaction kinetics region and transformed 
into the product layer diffusion region smoothly.  
 There was little difference in the surface area and porosity characterisation 
values, but a noticeable variation observed was the particle size. As discussed 
previously, higher Tween80 concentration led to a smaller particle size (particle sizes 
of 8T1P˃12T1P>14T1P>16T1P, images not shown in this section). Again, it was 
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also concluded that the particle size was not the only decisive factor in regard to the 
sorbents’ performance. Therefore, further characterisations were needed to better 
understand the reaction mechanisms.  
 
Figure 5-16 Carbonation Reaction Test of Synthesised Sorbents with PEG10000 and 
Tween80 
 
 Following the carbonation reaction test results in Figure 5-16, the 
concentration of Tween80 at 8g/L was selected in order to verify the optimal doping 
quantity of PEG10000. When the concentration of PEG10000 was increased from 
1g/L to 4g/L, the conversion extent decreased correspondingly, as shown in Figure 
5-17. As a result, the optimal sample synthesised so far was precipitated calcium 
carbonate with 8g/L Tween80 and 1g/L PEG10000.  
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Figure 5-17 Carbonation Reaction Test of Synthesised Sorbents with PEG10000 and 
Tween80 
 Figure 5-18 summarises the best synthesised samples using SDS/PEG10000 
and Tween80/PEG10000, and compares them with natural limestone and with the 
PCC sample. The CaO sorbent prepared from 8T1P was nearly converted fully to 
CaCO3, and the CaO sorbent prepared from 2S1P also presented an improved final 
conversion level compared with natural limestone.  
 The full carbonation reaction test was conducted for 60 minutes; however, 
considering the energy consumption of maintaining the high temperature, the 
reaction time had always been shortened to 10 to 15 minutes in industrial 
applications. Therefore it is crucial to look into the reaction kinetics of each sorbent: 
the PCC sample had a very short reaction kinetics dominated period, which resulted 
in its final conversion extent being the lowest; the limestone sample and 2S1P 
sample had relatively longer reaction kinetics periods, while the reaction rate of 
2S1P in the product layer diffusion dominated region was faster than the limestone 
sample; for the 8T1P sample, there was no obvious boundary for the reaction 
kinetics region and the product layer diffusion region.  
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 The 8T1P and 2S1P samples both featured a hollow spherical structure, and 
a similar surface area and porosity in the same order. However, in the high 
resolution observations by LEO Gemini 1525 (Figure 5-7 and Figure 5-9) it can be 
clearly seen that the nano particles that compose the surface of the large particles 
are not the same: 2S1P contains cubic and rhombohedral shaped nano particles on 
the surface and 8T1P contains ellipsoidal shaped nano particles on the surfaces. 
This is believed to be due to the different polymorphs formed in the synthesis of 
CaCO3. 
 
Figure 5-18 Carbonation Reaction Test of Synthesised Sorbents and Longcliffe 
Limestone 
5.2.4. Effects of Calcium Carbonate Crystal Polymorphism  
 Calcium carbonate crystal consists of three polymorphs: calcite, vaterite and 
aragonite. Calcite is the most thermodynamically stable polymorph of calcium 
carbonate, and it is the most commonly found in naturally generated calcium 
carbonate matter, such as limestone, metamorphic marble, shells of marine 
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organisms etc. Vaterite and aragonite are both metastable phases of calcium 
carbonate in ambient conditions.  
 The discussion in this section will focus on the effect of precursor 
polymorphism on the sorbents’ CO2 capture ability. Due to the difficulty and 
instability of aragonite preparation in the laboratory environment, only calcite and 
vaterite were compared. 
5.2.4.1. Methods for Calculating the Vaterite Component 
5.2.4.1.1. Method for Calculating the Fraction of Vatetire in the 
Mixture of Calcite and Vaterite 
 Early researchers discovered methods for calculating the fraction of vaterite 
and calcite in a mixture of the two. As was introduced in section 4.3.2, Rao built a 
series of equations to quantitatively analyse the compositions of vaterite and calcite 
based on the X-ray diffraction data of samples (Rao 1972).  
 The primary purpose of Rao’s research in 1972 was to study the kinetics and 
mechanism of the transformation of vaterite to calcite under different temperatures. 
However, in order to confirm the existence of vaterite and verify its fraction in the 
mixture, the discovery of the relationship between the intensity and the fraction of 
vaterite was also discussed in his study. Rao employed the photovolt transmission 
density and unit and the multiplier photometer model 520M to obtain the records of 
the (104) reflection of calcite and (110), (112), (114) reflections of vaterite. 
Combining this with the research he conducted in his PhD he eventually proposed 
the Equation 4-3 and Equation 4-4 (Rao 1969).  
 Rao’s method for expressing the fraction of vaterite and calcite in the 
crystalline phases was widely accepted and utilised by later researchers. For 
example, in Han and Hadiko’s paper related to determining the effect of solution pH 
on the formation of vaterite, Rao’s theory was experimentally used and proved 
(Yong, Gunawan et al. 2006). As shown in Figure 5-19, the CaCO3 samples were 
synthesised under various pH values, ranging from 7.9 to 11.2, and the characteristic 
peak of calcite (C104) disappeared when the pH decreased to 7.9, which indicated 
that no calcite was formed in this condition. According to his XRD data and Rao’s 
method, Han calculated the fraction of vaterite formed at different pH solutions 
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(Figure 5-20), and successfully identified the effect of pH on the formation process of 
vaterite in solutions. This was also highly consistent with Han’s SEM results.  
 
Figure 5-19 XRD Patterns of CaCO3 Samples Prepared at Different pH values 
(Yong, Gunawan et al. 2006) 
 
 
Figure 5-20 Fraction of Vaterite at Different pH Values (Yong, Gunawan et al. 2006) 
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5.2.4.1.2. Methods for Calculating the Fraction of Vaterite in the 
Mixture of Aragonite, Calcite and Vaterite  
 Apart from using XRD data to determine the fraction of vaterite in a binary 
mixture, methods of using infrared spectroscopy (IR) (Rao 1972, Xyla and 
Koutsoukos 1989, Andersen and Kralj 1991) and Fourier transform Raman 
spectroscopy (FT-RS) (Kontoyannis, Orkoula et al. 1997) have been thoroughly 
studied by other researchers. Unfortunately, no reliable single methodology can 
quantitatively analyse the ternary mixtures of CaCO3 polymorphs (aragonite, calcite 
and vaterite), due to technical issues, such as overlapping bands, the broadness of 
inorganic adsorption bands and sample preparation. To address this problem, 
Kontoyannis and Vagenas developed a non-destructive method for the simultaneous 
quantitative determination of the CaCO3 polymorphs in the ternary mixtures, based 
on using FT-RS and XRD (Kontoyannis and Vagenas 2000).  
 The calibration curves of FT-RS were generated by detecting the binary 
mixtures using Raman bands at 711cm-1 for calcite, 700cm-1 for aragonite and 
750cm-1 for vaterite. At the same time the calibration curves for the XRD were 
obtained using the 104 reflection of calcite, the 221 reflection of aragonite and the 
110 reflection of vaterite.  
 From the calibration of calcite-aragonite, the following relations were obtained: 
For FT-RS 
𝐼𝑐
711
𝐼𝑣
750 = 9.30 ×
𝑋𝑐
𝑋𝑣
 
Equation 5-1 
 
 
For XRD 
𝐼𝑐
104
𝐼𝑣
110 = 7.691 ×
𝑋𝑐
𝑋𝑣
 
Equation 5-2 
 
  
 From the calibration of calcite-aragonite, the following relations were obtained: 
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For FT-RS 
𝐼𝑐
711
𝐼𝑎
700 = 1.395 ×
𝑋𝑐
𝑋𝑎
 Equation 5-3 
 
For XRD 
𝐼𝑐
104
𝐼𝑎221
= 3.157 ×
𝑋𝑐
𝑋𝑎
 
Equation 5-4 
 
  
 Assuming Xc+Xa+Xv=1, using Equation 5-1 and Equation 5-3, the molar 
fractions of each polymorph were determined, as follows:  
For FT-RS 𝑋𝑎 =
1.395 × 𝐼𝑎
700
𝐼𝑐711 + 1.395 × 𝐼𝑎
700 + 9.30 × 𝐼𝑣
750 Equation 5-5 
 
 𝑋𝑐 =
𝐼𝑐
711 × 𝑋𝑎
1.395 × 𝐼𝑎
700 Equation 5-6 
 
 𝑋𝑣 = 1 − 𝑋𝑎 − 𝑋𝑐 
Equation 5-7 
 
 
For XRD 𝑋𝑎 =
3.157 × 𝐼𝑎
221
𝐼𝑐
104 + 3.157 × 𝐼𝑎221 + 9.30 × 𝐼𝑣
110 Equation 5-8 
 
 𝑋𝑐 =
𝐼𝑐
104 × 𝑋𝑎
3.157 × 𝐼𝑎221
 Equation 5-9 
 
 
 𝑋𝑣 = 1 − 𝑋𝑎 − 𝑋𝑐 
Equation 5-10 
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 Xa, Xc and Xv represented the molar fraction of aragonite, calcite and vaterite, 
respectively. 𝐼𝑎
700, 𝐼𝑐
711 and 𝐼𝑣
750 were the measured Raman intensities of aragonite, 
calcite and vaterite, and 𝐼𝑎
221, 𝐼𝑐
104 and 𝐼𝑣
110 were the measured XRD intensities of 
aragonite, calcite and vaterite.  
 Rao’s method was selected to characterise the polymorphs of the synthesised 
samples in this study, because: 
1. Rao’s equation is a simple and straightforward way to obtain the fraction of 
vaterite in the mixed samples. 
2. As mentioned above, due to the difficulty and instability of aragonite 
preparation in the laboratory environment, only calcite and vaterite were 
investigated.  
3. Due to the limited access to a Raman spectroscopy facility, XRD analysis 
was considered to be a more feasible tool.  
5.2.4.2. Effect of Reaction Time on Vaterite Fraction 
5.2.4.2.1. Vaterite Fraction Calculation for the PCC and for 
8T1P 
 The samples discussed above were all prepared by following the method 
described in section 4.2.1, 4.2.3 and 4.2.4, where the solution was sealed for 12h for 
precipitation. Rao’s method was then applied on the XRD data to obtain the vaterite 
fraction of each sample, as shown in Figure 5-21 and Figure 5-22. 
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Figure 5-21 XRD Spectra of PCC 
 
Figure 5-22 XRD Spectra of 8T1P 
25 30 35 40 45 50 55
2Theta (°)
0
2500
10000
22500
R
e
la
ti
v
e
 I
n
te
n
s
it
y
 (
c
o
u
n
ts
)
25 30 35 40 45 50 55
2Theta (°)
0
1000
2000
3000
4000
R
e
la
ti
v
e
 I
n
te
n
s
it
y
 (
c
o
u
n
ts
)
110 
 
 According to Rao’s equations (Equation 4-3 and Equation 4-4), the vaterite 
fractions (fv) of PCC and 8T1P were obtained, as follows: 
 𝑓𝑣(𝑃𝐶𝐶) = 3.21% Equation 5-11 
 
 𝑓𝑣(8𝑇1𝑃) = 89.16% Equation 5-12 
 
5.2.4.2.2. Reducing the Precipitation Time 
 It has been well established that thermodynamically unstable vaterite can be 
transformed into stable calcite in the mother solution (Zhou, Yao et al. 2010), which 
means that the solution mediated vaterite precursor could dissolve and reprecipitate 
to calcite when incubated for 12 hours in the initial synthesis process. Therefore the 
reaction time was reduced to 30 seconds, one minute, two minutes and five minutes, 
keeping all the other procedures the same as described in section 4.2.4, in order to 
verify the vaterite fraction under different reaction times. Since the pH was 
considered as a crucial factor for creating vaterite polymorph in the precipitation 
process (Yong, Gunawan et al. 2006), the pH during the entire sample preparation 
period was monitored using an Accumet AB15 pH meter.  
 Synthesis, only adding Tween 80 at 4g/L, 8g/L, 12g/L and 16g/L, was also 
conducted, and is referred to as 4T, 8T, 12T and 16T. 
 Using the XRD data and Rao’s method, the vaterite fractions of samples 
synthesised at different additives concentrations and for different reaction times are 
summarised in Table 5-5. It was impossible to conclude that the reaction time had a 
significant effect on the vaterite transformation to calcite in these cases. Han has 
confirmed in his research that the transformation from vaterite to calcite is quite slow 
(Yong, Gunawan et al. 2006). The vaterite formation for the 8T1P happened 
instantly, by comparing the 8T1P samples synthesised for 24h, 30 seconds, one 
minute and two minutes: the vaterite fractions were 89.16%, 85.76%, 89.19% and 
93.27%, respectively. The pH of all the mother solutions were within the range of 
from 7.6 to 8.9, and this range was consistent with Han’s findings that a high vaterite 
fraction is found between pH7.5 and pH9.0, as shown in Figure 5-20. 
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Additive 
Concentration  
Reaction Time 
(30s) 
Reaction Time 
(1min) 
Reaction Time 
(2min) 
Reaction Time 
(5min) 
fv pH fv pH fv pH fv pH 
4T1P 41.46% 8.93 89.22% 8.92 87.15% 8.81 3.17% 7.95 
8T1P 85.76% 8.81 89.19% 8.86 93.27% 8.57 71.10% 7.70 
12T1P 92.52% 8.80 89.64% 8.76 90.65% 8.40 4.12% 7.71 
16T1P 88.86% 8.73 89.22% 8.51 88.64% 7.95 62.47% 7.63 
4T         74.60% 8.11     
8T     70.34% 8.24 78.54% 8.05 64.10% 7.66 
12T     59.22% 8.20 87.74% 7.71 49.41% 7.63 
16T         91.05% 7.81     
 
Table 5-5 Vaterite Fraction and pH of Samples Synthesised Under Various Additives 
Concentrations and Reaction Times 
 
5.2.4.3. Effect of Vaterite Fraction on Carbonation Reaction 
Performance 
5.2.4.3.1. Carbonation Reaction Test on High Vaterite Fraction 
Samples 
 High vaterite fraction CaCO3 samples were successfully synthesised by 
controlling the additives concentrations and reaction time. By combining the data in 
Figure 5-18 and their fractions of vaterite, it was easy to associate the correlation of 
the vaterite fraction and the extent of conversion of sorbents. However, this needed 
to be proved experimentally.  
 Synthesised CaCO3 samples with high vaterite fractions were selected, as 
follows: 4T1P(1min), 4T1P(2min), 8T1P(24h), 8T1P(30s), 8T1P(1min), 8T1P(2min), 
12T1P(30s), 12T1P(1min), 12T1P(2min), 16T1P(30s),16T1P(1min),16T1P(2min), 
8T(2min), 12T(2min) and 16T(2min).  
 The selected samples were tested in the TGA in a 15% CO2 and 85% N2 
environment at 650°C for 60 minutes. Surprisingly, all the tested samples achieved 
excellent XCO2 under the standard experiment conditions.  
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Additive 
Concentration  
Reaction Time 
(30s) 
Reaction Time 
(1min) 
Reaction Time 
(2min) 
fv XCO2 fv XCO2 fv XCO2 
4T1P   89.22% 98.31% 87.15% 88.30% 
8T1P 85.76% 86.90% 89.19% 96.55% 93.27% 93.10% 
12T1P 92.52% 91.60% 89.64% 97.28% 90.65% 94.60% 
16T1P 88.86% 89.70% 89.22% 91.79% 88.64% 92.40% 
8T     78.54% 96.36% 
12T     87.74% 93.99% 
16T     91.05% 94.87% 
Table 5-6 Vaterite Fraction vs XCO2  
 
5.2.4.3.2. Verifying the Correlation of Vaterite Fraction vs 
Conversion Extent (XCO2)  
 Recalling the discussion in Chapter 4, the preparation of physically mixed 
sorbents was described in section 4.2.5. The samples listed in Table 4-4 were the 
designated vaterite fractions and the actual vaterite fractions of samples to be 
prepared. In order to map a complete curve of vaterite fraction and XCO2 correlation, 
samples containing 10%–90% of vaterite were required.  
 The PCC sample, and the 4T1P(1min), 8T1P(30s), 8T1P(2min), 8T1P(5min), 
8T(5min), 12T(5min), 16T1P(1min) and 16T1P(2min) were chosen for mixing. For 
example, when using the PCC and the 4T1P(2min), whose vaterite fractions were 
3.21% and 89.22%, respectively, the wt% of XPCC and X4T1P for the required fv was 
calculated as: 
 
 𝑓𝑣 = 𝑋4𝑇1𝑃 × 0.8922 + (1 − 𝑋4𝑇1𝑃 × 0.0321) Equation 5-13 
 
 𝑋𝑃𝐶𝐶 = 1 − 𝑋4𝑇1𝑃 Equation 5-14 
 
 The following table (Table 5-7) lists the required amounts of samples to 
mathematically achieve 1.5g of fv from 10% to 80%.   
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80 % vaterite sample Weight (g) 
4T1P(1min) 0.1340 
PCC 0.0161 
70 % vaterite sample Weight (g) 
8T1P(5min) 0.1476 
PCC 0.0024 
60 % vaterite sample Weight (g) 
16T1P(1min) 0.0990 
PCC 0.0510 
50 % vaterite sample Weight (g) 
8T1P(30s) 0.0850 
PCC 0.0652 
40 % vaterite sample Weight (g) 
16T1P(2min) 0.0651 
PCC 0.0853 
30 % vaterite sample Weight (g) 
8T(5min) 0.0660 
PCC 0.0841 
20 % vaterite sample Weight (g) 
8T1P(2min) 0.0281 
PCC 0.1222 
10 % vaterite sample Weight (g) 
12T(5min) 0.0221 
PCC 0.1279 
Table 5-7 Required Amounts of Samples for Preparing Various Fractions of Vaterite 
 
 Figure 5-23 shows that the mixing caused the vaterite particles to adhere 
around the calcite particles uniformly. 
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Figure 5-23 (a) Mixed 80% Vaterite Sample (b) Mixed 20% Vaterite Sample 
 Using the XRD reflection intensities of the characteristic peaks of calcite and 
vaterite polymorphs, the actual vaterite fractions in each sample were calculated 
(Table 4-4). Even though differences between the theoretical and actual values 
existed, this did not affect the ability to identify the correlation between the vaterite 
fraction and XCO2. Carbonation reaction tests of samples were handled in the TGA. 
The results are compiled in Table 5-8. 
Designated wt% of 
vaterite 
Actual wt% of vaterite XCO2 (%) 
80 74.44 81.26 
70 67.93 71.26 
60 52.49 62.59 
50 38.84 60.43 
40 26.81 51.26 
30 22.11 49.54 
20 11.74 52.32 
10 7.70 43.16 
Table 5-8 Vaterite Fraction vs XCO2 
 Finally, plotting the XCO2 as a function of vaterite wt%, the correlative trend is 
shown in Figure 5-24. The linearity of this curve proves that the fraction of vaterite 
polymorph has a direct impact on the extent of conversion of the sorbents when 
capturing CO2 in the tested conditions. 
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Figure 5-24 Vaterite Fraction vs XCO2 
  
5.3. Conclusion 
 Non-synthesised and synthesised sorbents were characterised and compared 
in this chapter. The effects of precursor selection on the specific surface area, 
morphology and sorbent polymorph of sorbents prepared from non-synthesised 
precursors were discussed. The effects of the additives being doped and the 
additives’ concentration for sorbents prepared from synthesised precursors were 
also discussed. In addition, the correlation of the vaterite fraction in the precursor 
samples and the extent of sorbents conversion, in other words the CO2 capture 
capacity, was proposed for the first time, and was also verified by the designed 
physical mixing experiment.  
 In summary, the sorbents prepared from the synthesised precursors that 
contained a high vaterite content had improved CO2 capture capacity compared to 
conventional sorbents, both quantitatively and dynamically.   
116 
 
Chapter 6. Sorbents Degradation Tests and Discussion 
6.1. Introduction 
6.1.1. Background 
 Due to the intensive energy requirement in the calcium looping process, it is 
required that sorbents maintain a constant high conversion extent over cyclic 
reactions, in order to ensure economic efficiency in industrial application. However, 
the problem of reactivity degradation in cyclic carbonation/decarbonation reactions 
has been found to be very common for CaO-based sorbents.  
 The calcium looping process involves two major reactors – the carbonator and 
the regenerator. As explained earlier, CaO-based sorbents capture the CO2 from the 
flue gas and form CaCO3 in the carbonator, then the CaCO3 particles decompose to 
CaO at high CO2 concentration in the high temperature environment in the 
regenerator. The newly-formed CaO particles are used for the next cycle of CO2 
capture. As the number of cycles increases, the reactivity of the remaining CaO 
sorbents inevitably decreases, which leads to two negative consequences: the need 
to frequently refill fresh sorbents to replace the deactivated sorbents, and the need to 
increase the materials exchange rate between the two reactors. The faster the 
degradation of the sorbents, the more fresh sorbents are required and/or the more 
materials exchange between the two reactors is required. These two consequences 
jointly result in greater energy loss and operational difficulties. Therefore, the 
reactivity degradation behaviour of sorbents has a significant impact on the 
economic practicality of the industrial calcium looping process.  
 In this chapter, tests on all the CaO-based sorbents, including the non-
synthesised and synthesised ones, are discussed. Starting from a single cycle test, 
where the sorbents’ conversion limit and reaction kinetics will be analysed, the 
discussion extends to multi-cycle test results. Modelling work is also done to 
simulate the sorbents’ performance in infinite cycle reactions. Finally, the 
degradation mechanism, from the perspective of the transformation of particle 
surface properties, is discussed. 
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6.1.2. Experiment Setup and Conditions 
6.1.2.1. Experiment Setup 
 The single cycle tests and the multi-cycle tests are performed in the TA 
Instruments Q500 TGA, using 15% CO2 balanced by 85% N2 (BOC, UK), for the 
carbonation process, and pipe-supplied N2 (Imperial College London, UK), for the 
decarbonation process. The TGA measures the sample’s mass variation when 
subject to a programmed temperature profile and programmed flowing gases. Due to 
the high resolution of the micro balance built into the TGA and the accurate control of 
flowing gas, the TGA is used as a reliable instrument for studying the calcium 
looping process.  
6.1.2.2. Experiment Conditions 
 The experiment methods are listed in Table 3-1 and Table 3-3 for the single 
cycle test and multi-cycle test, respectively. In both methods, the carbonation 
temperature was selected as 650°C, to obtain a CO2-lean gas containing less than 
1% of CO2 in the exhausts, and the decarbonation temperature was selected as 
900°C to guarantee the completion of the CaCO3 decomposition in a high CO2 
concentration environment, as shown in Figure 2-9. 
6.1.3. Samples Descriptions 
6.1.3.1. Natural Limestone 
 The calcium looping process for capturing CO2 principally relied on the 
CaO/CaCO3 component in the sorbents. The natural limestone contained more than 
99% CaCO3, as presented in Table 3-2. Therefore, the Longcliffe limestone was 
selected as the baseline for assessing sorbent performance in the following 
discussion  
6.1.3.2. Synthesised Sorbents 
6.1.3.2.1. PCC 
 PCC, the primary synthesised CaO-based sorbents, exhibited a similar 
conversion limit and less favourable reaction kinetics characteristics compared to 
limestone. The comparisons were made in this chapter to evaluate the effects of 
additives in the precipitation on the sorbents’ performance.  
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6.1.3.2.2. PCC with Additives 
 The 2S1P, 4T1P, 8T1P, 8T2P and 16T1P samples were selected for multi-
cycle tests. Even though all these synthesised samples showed an enhanced 
conversion limit compared to the Longcliffe limestone, and more favourable reaction 
kinetics, the key factor for evaluating the sorbents was the sustainable regenerability 
after numbers of cycles.  
6.1.3.2.3. Sorbents Prepared with Reduced Precipitation Time 
 In the previous chapter, the correlation between the conversion limit and the 
vaterite fraction in the sorbents was revealed. The samples were prepared with a 
reduced precipitation time in order to obtain a high vaterite fraction. In this section, 
the samples 8T(1min), 8T(2min), 12T(1min), 12T1P(2min), 16T(2min) and 
16T1P(2min) were tested for multi-cycle reactions.  
6.2. TGA Experiment Results and Discussion 
 The extent of conversion of the sorbents, XCO2, was defined in Chapter 3, as 
shown in Equation 3-1. For multi-cycle tests, Xn,CO2 was used to label the conversion 
extent of the nth cycle, where n represented the number of the cycle. 
 In order to investigate the degradation behaviour of the sorbents over cyclic 
reactions, the sorbent stability, Sn,CaO, was defined, where n represented the number 
of the cycle: 
 
 𝑆𝑛,𝐶𝑎𝑂 =
𝑋𝑛,𝐶𝑂2
𝑋1,𝐶𝑂2
 Equation 6-1 
 
6.2.1. Natural Limestone  
6.2.1.1. Single Cycle Test 
 The green curve in Figure 6-1 shows the mass changes of Longcliffe 
limestone in the TGA as a function of time, and the blue curve indicates the 
programmed temperature. In the first plateau, the sample’s mass slightly decreases 
to 99.65% due to the evaporation of moisture during heating; in the second plateau, 
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the CaCO3 composition in the limestone decomposes to CaO, and the 
decomposition is complete since the mass plateau was rather even within the high 
temperature calcination period; the last plateau, where the mass climbed to 88.58%, 
eventually covered the entire carbonation process.  
 The mass increase in the carbonation stage mainly occurred at the beginning 
of the reaction, and the increase almost stopped at the later stage. 
 
Figure 6-1 Mass Changes of Longcliffe Limestone in TGA 
 To better study the reaction kinetics of the carbonation stage, the result in 
Figure 6-1 was converted to the conversion extent of the CaO-based sorbent as a 
function of time, which was obtained by calcining the Longcliffe limestone. There was 
no clear boundary to distinguish the reaction kinetics dominated region and the 
product layer diffusion dominated region as discussed in Chapter 2, therefore the 
point where the largest bending of the curve is seen was defined as the boundary in 
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this case. In fact, the reaction rate in the transition period was jointly controlled by 
the chemical reaction kinetics and the product layer diffusion.  
 The total conversion of this limestone-derived CaO sorbent was 74.42%, and 
the fast reaction rate stage contributed 53.59% in the first 4 minutes, while the 
remaining 20.80% was accumulated in the next 56 minutes.  
 
 
Figure 6-2 XCO2 of CaO Sorbent as a Function of Time Obtained from Longcliffe 
Limestone 
 Two limestone samples collected from the same provider were tested under 
the same experiment conditions. As shown in Figure 6-3, the final conversion extent 
of attempt two was 76.84%, comparing 74.42% in the first attempt.  
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Figure 6-3 Repeated Test of Longcliffe Sample 
6.2.1.2. Multi-cycle Test 
 A 10-cycle test of the Longcliffe limestone sample was carried out in the TGA. 
Following the method listed in Table 3-3, the experiment procedure is summarised 
below: 
1. 10–20mg sample was loaded in the sample pan of the TGA, and the 15% 
CO2 and 85% N2 with 60ml/min flow rate was connected to the system; 
2. After equilibrating at 50°C, the temperature was ramped up to 900°C, with 
100°C/min; 
3. When the temperature reached 900°C, pure N2 gas of 60ml/min was selected; 
this state was maintained for five minutes, during which the calcination 
process occurred; 
4. When the calcination was done, the temperature was decreased to 650°C, 
with 100°C/min, and 15% CO2 gas was selected; 
5. This state was maintained for 60 minutes to allow the carbonation reaction to 
proceed completely; 
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6. The gas was switched back to N2, and the temperature increased again to 
900°C, with 100°C/min; 
7. Steps 3–6 were repeated. 
 
Figure 6-4 10-Cycle Test of Longcliffe Limestone in TGA 
 Applying the conversion extent calculation equations to the TGA data, the 
conversion as a function of number of cycles was plotted. As seen in Figure 6-5, the 
conversion Xn,CO2 decreased as the number of carbonation/decarbonation cycles 
increased. The biggest sorbent reactivity degradation was found in the first three 
cycles, from 76.84% to 55.96%, and to 46.35%, and eventually remained at around 
35% at the end of the 10th cycle. The error bar of the first cycle represented the 
difference of the conversion extent of the first attempt and the second attempt. In the 
following cycle, both attempts characterised same degradation trend as shown in 
Figure 6-5. 
 From Figure 6-4 it is found that the loss of the conversion extent essentially 
happened in the reaction kinetics dominated region, and this was proved by 
determining the kinetics dominated region of each cycle using the grain model: 
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Figure 6-6 shows the 1 − (1 − 𝑋)
1
3⁄  as a  function of time plot for the first four cycles 
of Longcliffe sample, the result clearly indicates that the length and the slope of the 
linear session in the curves decrease as the number of cycle increases, which 
represents the degradation of the duration and reaction rate of the kinetics 
dominated region in the corresponding cycle. The degradation of the kinetics 
dominated region is mainly because during the high temperature calcination stages, 
the CaO particles decomposed from CaCO3 sintered and the initial porous structure 
collapsed, which led to the formation of bigger pores and the deactivation of the 
unexposed particles. The changes of the pores and inner crystalline grains structure 
affected the chemical reaction kinetics more than the diffusion, therefore the loss 
was mainly reflected in the reaction kinetics dominated region. 
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Figure 6-5 Xn,CO2 of Limestone Sorbent as a Function of Number of Cycles 
 
124 
 
0 2 4
0.00
0.05
0.10
0.15
0.20
0.25
0.30
1
-(
1
-X
n
)1
/3
t/min
 cycle 1
 cycle 2
 cycle 3
 cycle 4
 
Figure 6-6 Determination of the Kinetics Dominated Region of Longcliffe Sample in 
Multi-cycle Reactions 
6.2.2. Synthesised Sorbents 
6.2.2.1. PCC 
6.2.2.1.1. Single Cycle Test 
 In the single cycle test result of the CaO sorbent derived from the PCC, it was 
found that the final extent of conversion at the end the carbonation reaction reached 
74.00%, which was very close to the sorbent derived from the limestone. However, 
the PCC sorbent was considered to be less favourable than the limestone sorbent, 
because the fast kinetics dominated region of the PCC sorbent only lasted for 35 
seconds according to Figure 6-7, which made the sorbent much less efficient if the 
carbonation time was shortened. 
 For the PCC sorbent, it was easier to identify the boundary of the reaction 
kinetics dominated region and the product layer diffusion region. The reaction 
kinetics dominated region only proceeded for 35 seconds, as shown in Figure 6-7 
and Figure 6-8.  
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Figure 6-7 Determination of the Kinetics Dominated Region of PCC with Grain Model 
  
Figure 6-8 XCO2 of CaO Sorbent as a Function of Time Obtained from PCC 
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 The PCC sorbents prepared from two different batches following the same 
method were tested under the same experiment conditions. As shown in Figure 6-9, 
the final conversion extent of the second attempt was 71.96%, comparing to 74.00% 
in the first attempt. 
 
Figure 6-9 Repeated Test of PCC Sorbent 
6.2.2.1.2. Multi-Cycle Test 
 In the 10-cycle TGA data of the PCC sorbent, conversion reductions were 
found both in the reaction kinetics dominated region and the product layer diffusion 
region. This can be explained by the fact that the aggregation of the small particles 
formed bigger ones, which increased the resistance in regard to the CO2 gas 
molecule reaching the inner active CaO particles after cycles. 
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Figure 6-10 10-Cycle Test of PCC Sorbent in TGA 
 The conversion extent of the PCC sorbent dropped from 71.96% to 21.58% in 
10 cycles. The sorbent reactivity loss was found to be the worst in the first two 
cycles, and continued to drop more evenly in the following cycles. The error bar of 
the first cycle in Figure 6-11 represented the difference of the conversion extent of 
the first attempt and the second attempt. In the following cycle, both attempts 
characterised same degradation trend as shown in Figure 6-11. 
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Figure 6-11 Xn,CO2 of PCC Sorbent as a Function of Number of Cycles 
6.2.2.2. Synthesised Sorbents with Additives 
6.2.2.2.1. Single Cycle Test 
 Using various additives at different concentrations in the precipitation process 
was proved to enhance the synthesised sorbents’ performance, as stated in Chapter 
4 and Chapter 5. The samples that showed the best conversion extent were selected 
for multi-cycle testing: 2S1P, 4T1P, 8T1P, 8T2P and 16T1P. 
 Figure 6-12 shows the XCO2, as a function of time, of the five synthesised 
sorbents. Their conversion curves are divided into the reaction kinetics dominated 
region and the product layer diffusion dominated region, depending on the rate of the 
conversion growth. The reaction kinetics dominated regions of these sorbents 
generally contributed less conversion growth than did the same region for the 
limestone sorbent. However, the total conversion results were reversed when the 
reaction entered the product layer diffusion region: the final XCO2 of the 2S1P, 4T1P, 
8T1P, 8T2P, 16T1P sorbents achieved 84.78%, 89.55%, 97.46%, 93.72% and 
89.50%, respectively, compared with the final XCO2 of limestone sorbent of 74.42%. 
For the 8T1P sorbent, a high extent of conversion of 97.46% was achieved, which 
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indicated that nearly all the CaO particles in this sorbent were successfully converted 
into CaCO3 particles. 
 
Figure 6-12 XCO2 of Synthesised Sorbents as a Function of Time: (a) 2S1P (b) 4T1P 
(c) 8T1P (d) 8T2P (e) 16T1P 
 Sorbents synthesised in two different batches following the same method 
were tested under the same experiment conditions. An XCO2 comparison of the two 
attempts (batches) is given in Table 6-1. 
  2S1P 4T1P 8T1P 8T2P 16T1P 
1st attempt 84.78% 89.55% 97.46% 93.72% 89.50% 
2nd attempt 82.03% 87.21% 94.67% 89.49% 92.18% 
Table 6-1 Repeated Test of Synthesised Samples 
6.2.2.2.2. Multi-Cycle Test 
 10-cycle tests of the five synthesised sorbents are presented in Figure 6-13. 
The 8T1P sorbent performed significantly better than all the other sorbents, as its 
Xn,CO2 was above the others during every cycle. 
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 The degradations of the Xn,CO2 for 2S1P and 16T1P were still found to be the 
most obvious in the first three cycles, exhibiting a similar behaviour to that of the 
limestone and PCC sorbents. For 4T1P and 8T2P, the degradation in the beginning 
cycles was also found to be greater than during the later cycles, but was less serious 
than that of 2S1P and 16T1P. However, for 8T1P, the conversion limit of each cycle 
dropped evenly from the very beginning, which indicated that the stability of the 
sorbents’ sustainable reactivity was potentially improved.  
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Figure 6-13 Xn,CO2 of Synthesised Sorbents as a Function of Number of Cycles 
 Tracking the morphology change of the sorbents after 1, 3, 5, and 10 cycles 
could provide insights regarding the mechanism of reactivity degradation behaviour. 
From Figure 6-14, the sintering of the particles and the collapse of the hollow 
spherical structure of the precursor particles shown in Figure 5-7 can be clearly 
observed. The same sintering and aggregation, causing the pore blockage, was also 
found on the 8T1P sorbent. 
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 The tiny pores between the crystalline grains in the sorbent particles existed 
before the test, and the formed CaCO3, which had a larger molar volume than the 
CaO, filled up these pores on the sorbent surface in the carbonation stage of the first 
cycle. At this stage, the pores did not completely disappear: therefore CO2 gas 
molecules could still contact the inner active CaO particles, allowing the reaction to 
enter the product layer diffusion region. In the following calcination process, the tiny 
crystalline grains started to aggregate to larger and denser grains, as observed in 
Figure 6-14 (a). In the second carbonation reaction, less tiny pores were exposed for 
CO2 molecules to react with inner CaO molecules, so the conversion limit decreased 
in the second cycle. The sintering and aggregation happened gradually, with the 
number of cycle increasing, and eventually a skeleton-like structure was formed, as 
shown in Figure 6-15 (b) and (c). This result corresponds to the model proposed by 
Lysikov and Salanov (Lysikov, Salanov et al. 2007). 
 
Figure 6-14 Morphology Change of 2S1P: (a) after one cycle, (b) after three cycles, 
(c) after five cycles, (d) after 10 cycles 
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Figure 6-15 Morphology Change of 8T1P: (a) 8T1P Precursor, (b) and (c) after 10 
cycles 
 
6.2.3. Synthesised Sorbents with Reduced Precipitation Time 
6.2.3.1. Single Cycle Test  
 When studying the effect of vaterite fraction on the sorbents’ performance, 
some samples synthesised with reduced precipitation time and containing a high 
vaterite fraction exhibited remarkably high conversion limits. There samples are: 
8T(1min), 8T(2min), 12T(1min), 12T1P(2min), 16T(2min) and 16T1P(2min). The 
reaction kinetics dominated regions and the product layer diffusion dominated 
regions of each sorbent are shown below in Figure 6-16.  
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Figure 6-16 XCO2 of Synthesised Sorbents as a Function of Time: (a) 8T(1min) (b) 
8T(2min) (c) 12T(1min) (d) 12T1P(2min) (e) 16T(2min) (f) 16T1P(2min) 
 Sorbents synthesised in two different batches following the same method 
were tested under the same experiment conditions. An XCO2 comparison of two 
attempts (batches) is given in Table 6-2. 
  8T(1min) 8T(2min) 12T(1min)  12T1P(2min)  16T(2min) 16T1P(2min) 
1st 
attempt 
86.97% 96.05% 90.11% 94.62% 94.16% 91.62% 
2nd 
attempt 
88.91% 90.67% 93.39% 98.43% 96.59% 98.18% 
Table 6-2 Repeated Tests of Synthesised Sorbents with Reduced Precipitation Time 
6.2.3.2. Multi-Cycle Test 
 As shown in Figure 6-17, the degradation rates of Xn,CO2 of 12T1P(2min) and 
16T(2min) sorbents were almost constant, and these two sorbents contained the 
highest vaterite fraction among the six sorbents. It is interesting to note that the level 
of degradation curves is positively correlated with the fractions of vaterite of the 
sorbents. 
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Figure 6-17 Xn,CO2 of Synthesised Sorbents with Reduced Precipitation Time as a 
Function of Number of Cycles 
6.2.4. Sorbents’ Stability and Cumulative Capture Capacity 
6.2.4.1. Sorbents’ Stability  
 The sorbents’ stability, Sn,CaO, was defined in Equation 6-1, in order to 
compare the degradation rate of each sorbent. In the first cycle, n=1, the Sn,CaO for all 
sorbents equaled 1, and the conversion limit of every following cycle was compared 
with the X1,CO2. In this way the degradation rate curve was obtained.  
 Figure 6-18 presents the stability of the sorbents tested in section 6.2.2. 
Except for the 2S1P sorbent, all the other synthesised sorbents were proved to have 
better stability than the Longcliffe limestone sorbent. The stability of 2S1P was 
slightly improved, as compared to the limestone. In this group of sorbents, the best 
stability was found in 8T1P, at the end the 10th cycle, the conversion extent of this 
sorbent still remained at 59.3% of the initial value.  
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Figure 6-18 Stability of Synthesised Sorbents 
 As expected, among the group of the synthesised sorbents with reduced 
precipitation time which were tested in section 6.2.3, the best stabilities were found 
in 12T1P (2min) and 16T (2min), which contained the highest fractions of vaterite. In 
Figure 6-19, at the end the 10th cycle, the remaining conversion limit for 12T1P 
(2min) and 16T (2min) is still seen to be as high as 68.13% and 68.92%, 
respectively. For the synthesised sorbents in this group, the level of the stability 
curves declined with the decrease in the vaterite fractions. 
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Figure 6-19 Stability of Synthesised Sorbents with Reduced Precipitation Time 
6.2.4.2. Sorbents’ Cumulative Capture Capacity over 10 Cycles 
 The Xn,CO2 curves represent the conversion limit and the Sn,CaO curves 
represent the sorbent stability. However, neither of these is able to quantitatively 
characterise the overall performance of a sorbent. Therefore, the cumulative capture 
capacity of the sorbents at the nth cycle, Cn,CO2, is defined as follows: 
 𝐶𝑛,𝐶𝑂2 = ∑ 𝑁𝑛.𝐶𝑂2
𝑛
𝑖=1
 Equation 6-2 
 
 In Equation 6-2, Nn,CO2 is the amount of CO2 captured by 1g of CaO sorbent at 
the nth cycle, with unit millimole (mmol). Nn,CO2 can be converted from Xn,CO2 using 
Equation 6-3: 
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 𝑁𝑛,𝐶𝑂2 =
𝑋𝑛,𝐶𝑂2
56
× 1000 𝑚𝑚𝑜𝑙 Equation 6-3 
 
 The cumulative capture capacity, Cn,CO2, represents the total amount of CO2 
gas removed by 1g of the CaO sorbent. Figure 6-20 presents a comparison of two 
groups of the synthesised sorbents’ Cn,CO2 with the Longcliffe limestone. All the 
synthesised sorbents listed here showed respective improvements on the CO2 
capture ability of the limestone sorbent. The most outstanding sorbent was found to 
be the 12T1P(2min), and its overall CO2 removal quantity by 1g of this sorbent at the 
end of the 10th cycle was 148.57mmol: a 101.86% improvement considering the 
73.60mmol of limestone sorbent. 
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Figure 6-20 Cumulative Capture Capacity, Cn,CO2, of Synthesised Sorbents 
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6.3. Sorbent Degradation Modelling 
 When discussing the decay behaviour of the sorbent reactivity in Chapter 2, 
the residual reactivity of the sorbents was introduced. As proposed in Figure 2-16, 
the theory of the rigid skeleton structure formed after infinite cycles of carbonation-
decarbonation reactions explains the existence of the residual conversion limit.  
 Gemma and Abanades applied Equation 2-8 to the long series of carbonation-
decarbonation cycles data (up to 500) of a large number of natural limestones, and 
they concluded that the residual conversion limit a∞ of limestone remained at 7.5%–
8%, with decay constant at k=0.52, regardless of the sorbents’ variety and conditions 
(Grasa and Abanades 2006).  
 Considering the difficulty of running 500-cycle tests in the TGA, the 
experiment was modified to 50-cycle tests. The Xn,CO2 results were modelled by 
Matlab to give the a∞ and k values of measured sorbents. 
6.3.1. Experiment Data 
 The conversion limits dropped rather quickly in the first 20 cycles, and tended 
to remain at a certain level after 50 cycles, as shown in Figure 6-21. The constant 
residual conversion a∞ was not achieved within 50 cycles: therefore the Matlab 
modelling work was required to obtain the a∞ and k values. 
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Figure 6-21 50-cycle Test of 8T1P Sorbent 
6.3.2. Matlab Modelling 
 The a∞ and k values of the 8T1P sorbent calculated from the Matlab 
modellings were 27.47% and 0.23 respectively. The residual conversion value of 
8T1P sorbent was much higher than that of the limestone sorbent (7.5%). This is one 
the most important factors for evaluating the economic feasibility of sorbents. The 
conversion extent of 8T1P sorbent also degraded slower than the limestone sorbent 
(comparing k=0.23 to k=0.52 for limestone). 
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Figure 6-22 Modelling Result of 8T1P Sorbent  
6.4. Conclusion  
 In this chapter the carbonation reaction kinetics and the CO2 capture ability of 
various CaO-based sorbents were investigated. The sorbents were categorised into 
four groups: sorbent derived from natural limestone, which was used as the baseline, 
sorbent derived from precipitated calcium carbonate, sorbent derived from PCC with 
additives, and sorbent derived from PCC with additives and controlled precipitation 
time. Using the TGA, the single cycle and multi-cycle carbonation-decarbonation 
reactions of the sorbents were compared in detail. The sorbents’ stability, Sn,CaO, and 
the cumulative capture capacity, Cn,CO2, were defined in order to better characterise 
the performances of each sorbent. The following conclusions were arrived based on 
the testing results: 
1. In the single cycle tests, the PCC sorbent exhibited a similar conversion limit to 
the limestone sorbent, but less favourable reaction kinetics in terms of the penalty 
of intensive energy inputs. Synthesised sorbent 8T1P reached the conversion 
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limit at 97.3% and pushed the boundary of the reaction kinetics dominated region 
and product layer diffusion dominated region to a higher level. 
2. For the synthesised sorbent with a controlled precipitation time, the conversion 
limit was linearly correlated with the fraction of vaterite in the sorbents. 
3. In the multi-cycle tests, all the sorbents showed Xn,CO2 degradation over cyclic 
reactions, and the degradations principally happened during the reaction kinetics 
dominated stage, happening only in a limited way in the product layer diffusion 
dominated stage.  
4. For the synthesised sorbent with a controlled precipitation time, the level of Xn,CO2 
degradation curves was positively correlated with the fraction of vaterite in 
sorbents. 
5. The synthesised sorbents with additives demonstrated better sorbent stability 
than the limestone sorbent. The best stability was found in 12T1P (2min) and 16T 
(2min), which remained at 68.1% and 68.9%, respectively, at the end of 10th 
cycle. 
6. All the synthesised sorbents presented better cumulative capture capacity 
compared with the limestone sorbent. The most outstanding sorbent was found to 
be 12T1P(2min), which increased the Cn,CO2 by 101.9% compared with limestone 
sorbent. 
7. From Matlab modelling results, the 8T1P sorbent was found to deactivate slower 
than the limestone sorbent, with a decay constant k8T1P=0.23 and klimestone=0.52, 
and the 8T1P sorbent retained a reasonably usable residual conversion limit 
(27.5%) after being recycled an infinite number of times.  
8. Due to the nature of the particle sintering, all the synthetic sorbents employed in 
this chapter showed the certain degree of the degradation. A potential strategy to 
tackle this problem is using small amount of scaffold particles with higher 
sintering resistance (e.g. aluminium oxide, magnesium oxide) to bind the sorbent 
particles during the particle synthesis process, thus the overall sintering 
resistance of the bound sorbents can be improved.  
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7. Reactivation Effects of Moisture on Synthesised Sorbents’ 
Performance 
7.1. Introduction 
7.1.1. Background 
  The calcium looping process was specially developed for removing the CO2 
from industrial flue gas. Real flue gas typically contains steam which originates from 
both the moisture and the hydrogen bond in fossil fuels (Manovic and Anthony 
2010). Therefore, investigations involving adding moisture in the laboratory to 
simulate flue gas are required to more realistically reproduce the sorbents’ 
performances in industrial calcium looping applications. 
 The reactivation effects of moisture on the CO2 capture performance of CaO-
based sorbents had been well recognised by researchers. Many CaO-based 
sorbents, including natural limestone, dolomite, synthetic sorbents, etc. have been 
studied using the moisture contained in the inlet gas.    
 In this chapter, moisture was applied to the 2S1P sorbent in the multi-cycle 
carbonation-decarbonation tests. Considering the limitations of the system setup and 
instrument safety requirements, instead of mixing the steam with the inlet CO2/N2 
gases, the moisture was manually mixed with the sorbents before being loaded in 
the TGA. The disadvantage of this method was the inability to maintain a constant 
moisture content during the entire multi-cycle process, due to the high evaporation 
rate of water at high temperature. To resolve this issue, the moisture was added at 
every cycle before starting the carbonation process of the next cycle. The moisture 
content was monitored and calculated from the sample mass transformation curve. 
7.1.2. Sample Preparation and Experiment Setup 
7.1.2.1. Sample Preparation 
 The tested samples were prepared following the procedure detailed in section 
4.2.3.2, adding PEG10000 and SDS in the precipitation process. By testing the 
sorbents prepared with varied additives concentrations, it was found that sample 
made with 1.0g/L PEG10000 and 2.0mmol/L SDS provided the most promising 
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conversion extent and regenerability in its group, so this sample was chosen when 
undertaking the moisture test.  
 The 2S1P sample was dried at room temperature before the test, and from 
the previous single cycle result of the 2S1P sample (Figure 7-1) the moisture content 
adsorbed from the air was measured as 3.24%. In the moisture hydration 
experiment, the dry sample was first loaded into the platinum pan of the TGA, then a 
certain amount of DI water was homogeneously dispensed on the sample using a 
pipette (2-20µL pipette by RAININ, UK) before the pan was hung on the hook 
connected to the micro-balance.  
 
Figure 7-1 Single Cycle Test of Dry 2S1P Sample 
7.1.2.2. Experiment Setup 
 The parameters set in the TGA for the hydration experiment were kept the 
same as in the normal experiment, in order to allow a straightforward comparison. To 
start with, the moisturised samples with different proportions of water were tested for 
a single cycle, then multi-cycle tests were carried out for a sample hydrated every 
four cycles. Finally, to keep the samples hydrated at every cycle, in order to simulate 
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the steam in the inlet gas, the samples were hydrated in every cycle before the 
carbonation reaction of the next cycle. 
7.2. Experiment Results and Discussion 
7.2.1. Single Cycle Tests of the Hydrated Sorbents 
7.2.1.1. Added Moisture Content vs Measured Moisture Content 
 Instead of introducing steam directly with CO2 and N2, which is limited by the 
number of gas inlet port of TGA, the moisture was added to the 2S1P sample using 
a pipette; however, due to the quick evaporation and the original amount of moisture 
contained in the sample, the actual moisture content in the sample had to be 
obtained from the TGA mass transformation curve. For example, 5µL of water was 
added to 10mg of sample, so the mass ratio of the sorbent and the moisture was 
expected to be 2. However, based on the mass-change curve in Figure 7-2, the ratio 
turned out to be a different value. 
 The mass remained at 40.71% of the initial mass when the calcination 
process was completed; therefore, the mass ratio of the initial sample Rsample was 
calculated as: 
 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = 40.71% ×
100
56
= 72.70% Equation 7-1 
 
 And the mass ration of moisture Rmoisture could be obtained as: 
 
 𝑅𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 1 − 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = 27.30% Equation 7-2 
 
 So the actual mass ratio of the sorbent and the moisture R was: 
 
 𝑅 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
= 2.66 Equation 7-3 
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 In this case, the conversion extent, XCO2, was calculated as: 
 
 𝑋𝐶𝑂2 =
67.74 − 40.71
40.71
×
56
44
= 84.50% Equation 7-4 
 
 
Figure 7-2 Mass-Change Curve of 10mg 2S1P Dosed with 5µL Water 
 It was difficult to eliminate error in respect of the moisture content, due to the 
evaporation of the water before the sample was loaded, thus analysis was always 
required in order to measure the actual moisture content in the hydrated samples. 
7.2.1.2. Moisture Content Effects on Conversion Extent 
 To identify the best hydration effect in terms of improving the extent of sorbent 
conversion, various moisture contents were tested under the same experiment 
conditions. The mass ratios of the sorbent and dosed water (the theoretical ratios) 
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for single cycle tests were 0.25, 0.5, 0.75, 1 and 2. Table 7-1 compares the 
theoretical moisture content and the actual moisture content. The actual values of 
the ratio were always larger than the theoretical values, as a result of the loss of 
moisture content during evaporation before the measurement was started. 
 𝑅 0.25 0.50 0.75 1 2 
 𝑅𝑎𝑐𝑡𝑢𝑎𝑙 0.37 0.54 0.76 1.37 2.66 
Table 7-1 Actual Moisture Content in the Hydrated Samples 
 There was no linear correlation between the moisture content added and the 
improvement of the sorbent conversion limit, and it was also found that the moisture 
did not always show a positive influence on the sorbent conversion. When R=1.37 
and R=0.37, the conversion limits of the 2S1P sorbents were 72.07% and 79.42%, 
respectively. Compared to the results of the dry 2S1P sorbent, whose conversion 
limit was 82.03%, it seems that the moisture deactivated the reactivity of the 
sorbents. For R=0.54 and R=0.76, improved conversions were observed.  
 In terms of the carbonation reaction kinetics, the effect of moisture was 
reflected in both the reaction kinetics dominated period and the product layer 
diffusion dominated period. Comparing the conversion growth in both regions of the 
five samples in Figure 7-3, the conversion extent of R0.76 and R0.54 was higher than 
that of R2.66 and R1.37, and R2.66 and R1.37 was higher than R0.37.  
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Figure 7-3 Moisture Content Effect on Conversion Limit 
7.2.2. Multi-Cycle Tests of the Hydrated Sorbents 
 Sorbent with hydration of R=0.76 was selected for the multi-cycle test. Three 
sets of experiments were carried out to study the effects of moisture on cyclic 
carbonation-decarbonation reactions: 1, hydrate the sorbent only in the first cycle; 2, 
hydrate the sorbent every four cycles; and 3, hydrate the sorbent every cycle. 
7.2.2.1. Hydrating the Sorbent Only in the First Cycle 
 Prepare the sample R0.76 and test it in the TGA for 10 cycles. 
 When testing the hydrated sorbent R0.76 for 10 cycles, the moisture was only 
found in the first cycle: it fully evaporated after the first calcination period. However, 
improvements in the sorbent conversion were found in the following cycles as well. 
As shown in Figure 7-4, for the first cycle, the conversion was boosted from 82.03% 
to 93.68%; for the second cycle, an even bigger increase was observed, from 
61.90% to 82.05%; until the 10th cycle, the hydrated sorbent still converted slightly 
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more than the dry sorbent. The increase in the conversion limits was found in the 
first four cycles, and the gap between the two became less considerable after the 
fifth cycle.   
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Figure 7-4 2S1P Hydrated 2S1P R=0.76 Compared with Dry 2S1P Sorbent 
 The moisture content in the sorbent did not prevent the conversion limits from 
degrading, since the sintering and particle aggregation proceeded despite the 
presence of moisture. The stability of the hydrated sorbent is presented in Figure 7-
5. In the first five cycles, the hydrated sorbent degraded more slowly than the dry 
sorbent, which could be seen from the higher stability values, then the degradation 
rates of both samples tended to converge to the same value, because the impact of 
moisture on the sorbent reactivity were less and less in the later cycles. 
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Figure 7-5 Stability of Hydrated and Dry 2S1P 
7.2.2.2. Hydrating the Sorbent Every Four Cycles 
 Tests involving hydrating the sorbent every four cycles for three times were 
also carried out, to see if the newly added moisture could boost the conversion limits 
after four cycles. The same amount of water (R=0.76) was added to the 10mg dry 
2S1P sorbent, followed by the TGA test for four complete carbonation-decarbonation 
cycles. Water was then added to the unloaded sample from the TGA again, to 
maintain the same ratio (R=0.76) of moisture for the next four carbonation-
decarbonation cycles. This procedure was repeated once again, to complete a total 
of 12 cycles.  
 It was proved by this experiment that the moisture was able to activate the 
reactivity of sorbents even through it had dropped to a lower level at any period 
(within 12 cycles) of the cyclic reactions. As shown in Figure 7-6, the conversion 
limits degraded from 99.35% to 64.24% in the first four cycles with the same 
degradation rate as the R0.76 sample. In the fifth cycle, when the sample was 
hydrated, the conversion limit was pushed up to 85.33%, but it degraded faster from 
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the fifth to the eight cycles and ended up at 58.81%. In the third four cycles, a high 
conversion extent was observed again during the ninth cycle, at 95.02%, and the 
degradation rate in these four cycles was even faster than in the previous four 
cycles. In terms of stability, it can be clearly seen that S1-4,CaO˃S5-8,CaO˃S9-12,CaO.  
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Figure 7-6 2S1P Hydrated Every Four Cycles 
 The hydrating every four cycles experiment was repeated to verify the 
reproducibility. However, the second attempt showed a different moisture activation 
effect from the first attempt. The first cycle’s conversion was only 80.30% and 
dropped to 50.51% before the second hydration. The sample that was hydrated for 
the second time also performed a lower level of conversion than in the first attempt 
(67.98% as against 85.33%). However, the sample hydrated for the third time 
showed exactly the same conversion limits and degradation rate as the first attempt. 
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Figure 7-7 Repeating 2S1P Hydrated Every Four Cycles 
 A sorbent activation effect of moisture was generally found in these 
experiments. However, the level of the activating effect was found to be different 
even though the moisture content was kept the same: for the same R=0.76, the XCO2 
varied from 80.30% to 99.35%. The degradation of sorbent reactivity could not be 
fully prevented from adding moisture in such method, therefore the conversion limit 
of the 2S1P sample dropped to below 40% after 10 cycles, regardless of the 
moisture content contained in the sorbent.  
7.2.2.3. Hydrating the Sorbent Every Cycle 
 Finally, the sample was hydrated every cycle before the calcination stage. 
The original sample was first hydrated with R=0.76, then its conversion extent was 
tested for one single cycle. The collected sorbents were weighed and hydrated again 
to maintain the same moisture content, and tested for another single cycle. This 
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process was repeated nine times. Improved conversion extents of the sorbent in 
every cycle were obtained, as shown in Figure 7-8. 
 Unfortunately, the conversion extent of the hydrated 2S1P sorbent was only 
63.02% in the first cycle, so the moisture deactivated the sorbent reactivity. 
However, from the second cycle till the 10th cycle, the hydrated sorbent retained a 
high level of conversion, at around 80% in every cycle, and no distinct degradation 
was found. This result is different to most current studies regarding the effect of 
steam on sorbent performance: it has generally been agreed that steam or moisture 
is able to activate sorbent reactivity in the calcium looping process (Kuramoto, 
Shibano et al. 2003, Sun, Grace et al. 2008, Manovic and Anthony 2010, Donat, 
Florin et al. 2012), and no more activation effect has been found when increasing the 
steam content from 10% to 20% (Manovic and Anthony 2010). Most importantly, the 
degradation of the sorbent reactivity could not be prevented from adding steam or 
moisture. However, this experiment proved that adding the right amount of moisture 
to the sorbent at every cycle can effectively slow down the degradation rate.  
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Figure 7-8 2S1P Hydrated Every Cycle 
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7.3. Mechanism of Moisture Effects on Sorbents  
7.3.1. Moisture Effects on the Reaction Kinetics 
 From numbers of studies reporting on the effects of moisture on CaO-based 
sorbents, there have been different ideas about the mechanism of how moisture 
affects the carbonation reaction kinetics. Four main hypotheses have been advanced 
to explain the positive outcomes of adding moisture in the calcium looping process: 
1, the moisture acts as a catalyst; 2, moisture enhances the product layer solid state 
diffusion; 3, moisture modifies the pore morphology on sorbent surfaces; 4, moisture 
rearranges the product islands on sorbent surfaces. 
 The catalyst hypothesis proposes that the presence of steam reacts with CaO 
and forms a transient Ca(OH)2 (Symonds, Lu et al. 2009, Wang, Jia et al. 2010), and 
the carbonation of Ca(OH)2 is much easier than that of CaO (Anthony, Jia et al. 
2000), therefore the intermediate transient is able to accelerate the overall 
carbonation rate. It was suggested by Symonds that the presence of steam 
significantly extended the period of the reaction kinetics dominated region (Symonds, 
Lu et al. 2009). However, in the study by Wang, who also accepted the formation of 
transient Ca(OH)2 when adding steam, the effect of steam was pointed out to be 
more noticeable in the product layer diffusion dominated region (Wang, Jia et al. 
2010).  
 The catalyst hypothesis was not accepted by all researchers. As a chemical 
reaction mechanism including several steps, the reaction rate was always controlled 
by the slowest one (Manovic and Anthony 2010). For the CaO carbonation reaction, 
the rate of diffusion is much slower than the rate of a chemical reaction (Bhatia and 
Perlmutter 1983, Prasannan, Ramachandran et al. 1985, Duo, Sevill et al. 1994). 
Therefore the enhancement of the fast step who has lower activation energy is 
unlikely to increase the overall conversion to such a great extent, since the reaction 
is still limited by the slow reaction. The second hypothesis is that the steam improves 
carbonation via enhancement of solid state diffusion in the product layer. By 
comparing the carbonation with steam, no steam, and steam introduced during the 
product layer diffusion dominated region, this hypothesis has been experimentally 
proved (Manovic and Anthony 2010). 
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 The pore structure modification hypothesis assumes that the presence of 
steam increases the rate of CaO sintering (Petersen and Cutler 1968, Borgwardt 
1989, Mai and Edgar 1989) and produces a morphology with most of the pore 
volumes associated with larger pores of 50nm in diameter (Donat, Florin et al. 2012),  
compared to 30nm without steam; the pore diameter 50nm is consistent with the 
critical product layer thickness mentioned in section 2.4.3. The presence of steam 
during calcination encourages a shift towards larger pores because of enhanced 
sintering, and these larger pores are thought to be less susceptible to pore blockage, 
thus allowing for higher conversion. 
 By investigating the morphology of the CaSO4 product layer formed during 
direct sulfation on singe-crystal CaCO3 surfaces at high CO2 concentration and 
MgSO4 product layer on MgO surfaces for the reaction of MgO with SO2 and O2 (Li, 
Fang et al. 2010, Fang, Li et al. 2011, Tang, Li et al. 2011, Li, Fang et al. 2012), 
Fang proposed the product islands model of the carbonation reaction of CaO and 
CO2 (Li, Fang et al. 2012). As shown in Figure 7-9: 1, when unreacted CaO is 
exposed to CO2 gas molecules, the reaction is still dominated by the reaction 
kinetics; 2, as all the exposed CaO forms CaCO3, continuous CaCO3 product islands 
fully cover the surface of the sorbent, and the reaction enters the product layer 
diffusion dominated region; 3, the steam promotes the diffusion rate of the solid state 
products, and the products move to a higher position of the islands; 4, more 
unreacted CaO is exposed, and the reaction returns to the reaction kinetics 
dominated stage again; 5, newly formed CaCO3 products cover the gaps between 
the islands, thus the reaction is eventually dominated by product layer diffusion rate. 
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Figure 7-9 Product Islands Model: Explanation of the Moisture Effect on the 
Carbonation Reaction. Adapted from (Li, Fang et al. 2012). 
7.3.2. Moisture Effects on the Sorbent Stability 
 As the moisture fully evaporates, the ‘catalyst’ and enhancement of product 
layer diffusion effects of moisture disappear. However, Figure 7-4 shows that the 
hydrated sorbent exhibits better conversions than the unhydrated one over the entire 
10 cycles, even though no more moisture can be detected after the second cycle. 
This can be explained by the pore morphology modification hypothesis: the 
modification of the pore morphology happens in the first cycle was permanent, and in 
the following cycles, the carbonation reactions may benefit from the prevention of 
pore blockage due to the larger pores that have been formed, until the entire sorbent 
is seriously sintered. 
 For the results shown in Figure 7-7 and 7-8, a combination of the effects of 
the pore modification hypothesis and the other three hypotheses is found. The added 
moisture instantly boosted the reactivity of the sorbents, but the effect weakened 
immediately when the moisture evaporated.  
7.4. Conclusion 
 In summary, contrary to all previous work and for the first time it has been 
demonstrated that the hydration method of directly adding a specific amount of water 
in the sorbent can consistently activate the reactivity of the sorbent to a great extent. 
The moisture evaporated quickly, so the activation effect was mainly reflected in the 
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first cycle in multi-cycle runs, and weakened immediately in the following cycles. 
However, by consistently adding the same amount of moisture in every cycle, the 
activation effect could be maintained for at least ten cycles (longer multi-cycle tests 
are required to confirm the sustainability in this regard).  
 The level of the moisture activation effect was not sufficiently repeatable, even 
though the added moisture content and the experiment conditions were kept exactly 
the same. During the test, the conversion of the hydrated sorbent with optimised 
moisture content varied from 63.02% to 99.35%, which was considered problematic 
compared to the dry sorbent with its 82.03% conversion extent. 
 Finally, the hypothesis of the activation mechanism was explained. It was 
more convincing that the mechanism was a combination of the pore morphology 
modification and the rearrangement of the product islands hypothesis. Even though 
the ‘catalyst’ method could partially explain the improvement of conversion during 
the reaction kinetics dominated region, this was inconsistent with the fact that the 
presence of water increased the activation energy (Manovic and Anthony 2010). 
These hypotheses need to be verified by further experiment. Single particle analysis 
methods including SEM analysis and transmission electron microscopy (TEM) 
analysis are suggested to explain the morphology transformation of the sorbents in 
presence of moisture.  
 Previous tests described in Chapter 6 and Chapter 7 were all conducted in the 
laboratory scale TGA. Due to the limitations of maximum sample loading size and 
the number of gas inlet ports, a series of issues were taken into account considering 
the practicality of the device. One example is the calcination of precursors in tube 
furnace in order to obtain reasonable amount of calcined CaO sorbents for 
characterisations, however, the temperature ramping rate of the tube furnace is 
impossible to be same as the TGA program, which made the characterisation results 
less accurate. Another example is when adding moisture into the sorbents, no extra 
gas inlet port was provided by TGA, therefore the moisture was added manually 
instead of introducing the steam directly with CO2 and N2. Basing on these concerns, 
the design of a cantilever based gravimetric gas sorption analyser was started in 
parallel with the particle synthesis work. The design and calibration of this cantilever 
based gravimetric analyser will be detailed in next chapter.   
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8. A Novel Gravimetric Method for Gas Sorption Measurement at 
High Pressure 
8.1. Introduction  
8.1.1. Background 
 Due to limitations of equipment, CaO-based sorbent studies are mostly 
carried out at atmospheric pressure, which means the partial pressure of CO2, PCO2, 
is always less than 1atm. In order to screen sorbent performance in various 
conditions, a pressurised gas sorption instrument is required. On the other hand, the 
carbonation and decarbonation processes involve very high reaction temperatures, 
as shown in Figure 2-9, and conventional gravimetric devices (e.g., TGA) cannot 
provide high temperature and high pressure conditions at the same time.  
 Apart from chemisorption using CaO-based sorbents, as discussed in this 
thesis, another potential method for removing CO2 from flue gas is to use porous 
materials (e.g., zeolites, MCM41) to physically separate the CO2 in pressure swing 
processes. Porous materials have attracted wide attention as sorbents in the carbon 
capture process thanks to their reasonable CO2 pickup capacity, low energy input 
requirement and great reproducibility. To measure the CO2 sorption of these 
sorbents accurately, self-built or commercial instruments are used in laboratories. 
The features of each instrument vary according to the needs and ingenuity of 
different users. To effectively evaluate the practicality and the economic efficiency of 
a calcium looping process and a physisorption process, it is preferable to compare 
the performance of CaO-based sorbents and porous sorbents in the same system.  
 Currently, commercially available gas sorption instruments featuring high 
pressure and high temperature options involve large-scale and high complexity, or 
very precise but fragile micro-balance systems. This means there are rather high 
costs to purchase and maintain such instruments. Therefore, an inexpensive 
cantilever-based gravimetric gas sorption analyser, the features of which are 
customisable to meet any specific requirement, is introduced in this chapter.  
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8.1.2. Existing High Pressure Gravimetric Analysis Equipment 
 Four instrumentation companies currently provide high pressure gravimetric 
analysis equipment, they are: TA Instruments (USA), Rubotherm (Germany), BEL 
Japan (Japan) and Hiden Isochema (UK). The working pressure and temperature 
ranges and the balance resolution of the products of these four companies are listed 
in Table 8-1. 
 
Manufacturer  
TA 
Instruments 
Rubotherm BEL Japan 
Hiden 
Isochema 
Product TGA-HP 
ISOSORP 
VAPOUR 
MSB-AD-H IGA 
Pressure Limit (bar) 50/150 50 200 20 
Temperature Limit (C°) 750 500 250 500 
Max Sample Weight (g) 25 25 25 5 
Sensitivity (µg) 10 10 10 0.2 
Table 8-1 High Pressure Gravimetric Analysers 
 The TGA-HP, manufactured by TA Instruments, offers a high pressure option 
of 50bar and 150bar. The core technology built into the TGA-HP, which distinguishes 
itself from the standard TGA, is the magnetic suspension balance, patented by 
Rubotherm. The IsoSORP series of products from Rubotherm also provides the 
same specifications in terms of balance performance. However, TA Instruments 
specialises in instrumentations operated in high temperature conditions, so the 
modified magnetic suspension balance in the TGA-HP can be used at higher 
temperature level. Figure 8-1 illustrates the schematic diagram of the magnetic 
suspension balance. This design cleverly isolates the balance part and the gas 
chamber, where high temperature and high pressure are applied, by using 
electromagnetic force, so damage to the balance under extreme conditions is 
avoided. The magnetic suspension balance patent has made Rubotherm the leading 
high pressure gravimetric instrument manufacturer worldwide. Its electromagnetic 
isolation idea also prompted us to design a novel gravimetric method with the help of 
a cantilever and optical sensor. 
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Figure 8-1 Magnetic Suspension Balance Patented by Rubotherm 
(http://www.rubotherm.com/magnetic-suspension-balances.html) 
 The MSB-AD-H high pressure adsorption analyser from BEL Japan also uses 
the Rubotherm’s magnetic suspension balance. BEL Japan claims that they have 
managed to correct the buoyancy of surrounding gases with high accuracy, and to 
measure gas density in-situ simultaneously.  
 Apart from Rubotherm’s magnetic suspension balance, the UK company 
Hiden Isochema has developed its own high pressure gravimetric system, which was 
named the Intelligent Gravimetric Analyser (IGA). The advantage of the IGA is the 
ultra-sensitive thermostatted microbalance with 0.2µg resolution, while the downside 
is the relatively low working pressure range.   
8.1.3. Hypotheses and Expectations 
 The original thoughts were to fix a cantilever in a sealed vessel, where the 
pressurisation and heating processes would be applied. A transparent optical 
window was located on the top of the vessel, so the optical sensor could measure 
the relative position of a certain point on the cantilever. The samples were loaded at 
the free end of the cantilever via a metal wire hook. As the samples absorbed or 
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desorbed the gases, the corresponding mass uptake or loss was reflected in 
cantilever deformations, which were measured by the optical sensor. Pressure 
control was thought to be conducted by pressurising the cell with gas cylinders, and 
monitored by pressure sensors. 
 Considering the pressure, temperature and buoyancy impacts on the 
cantilever deformation in different testing conditions, a dual-cantilever idea was 
proposed. The second cantilever functioned as a blank reference to compensate for 
errors due to changes in conditions.  
 Cantilevers with thicknesses of 0.1mm and 0.2mm were designed and 
manufactured to achieve multiple measurement ranges and requirements: the 
0.1mm cantilever aimed to carry a maximum sample of 50mg and achieve 1µg 
resolution; the 0.2mm cantilever aimed to carry a maximum sample of 500mg and 
achieve 10µg resolution.  
 This system was expected to undertake volumetric measurements 
simultaneously as well. Thus the design also considered the configuration of two 
independent pressure sensors, which measured the pressure of the gas reservoir 
and the vessel separately. 
8.2. Design and Configuration 
8.2.1. Cantilever Design  
8.2.1.1. Theoretical Calculations of Cantilever Bending 
 The bending equations of cantilevers have been well established in classical 
mechanics theories. Since the only external force applied to the cantilever is the 
gravitation of the sample, the external force is always considered to be vertical. 
Therefore the deformation y and angular deformation α of the free end of the 
cantilever are described as in Equation 8-1 and Equation 8-2, respectively, where p 
represents the gravitation of the sample pan and sample, l represents the length of 
the cantilever, E represents the Young’s Modulus of the material, and I represents 
the module of inertia. Since the measuring point on the cantilever can hardly be the 
end of the cantilever arm exactly, Equation 8-3 expresses the deformation of point x, 
which represents the distance between the fixed end and the measuring point. The 
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mass change of the sample can be obtained from the deformation using a bending 
equation, and the measuring range of the optical sensor sets the limit for the angular 
deformation. 
 The module of inertia I is related to the shape of the cantilever’s cross section. 
To simplify the calculation fabrication complexity, the cross section was designed as 
a rectangular shape, and the inertia I is described as in Equation 8-4, where b 
represents the width of the cantilever and c represents the thickness of the 
cantilever.  
 𝑦 =
𝑝𝑙3
6𝐸𝐼
 Equation 8-1 
 
 𝛼 =
𝑝𝑙2
2𝐸𝐼
 Equation 8-2 
 
 𝑦 =
𝑝𝑥2
6𝐸𝐼
(3𝑙 − 𝑥) Equation 8-3 
 
 𝐼 =
𝑏𝑐3
12
 Equation 8-4 
 
8.2.1.2. Design and Fabrication of the Dual-Cantilevers 
 Firstly, the dimensions of the cantilever had to be determined, in order to meet 
the requirements of the maximum sample weight and resolution. Assuming the 
measuring range of the optical sensor is 0.5° and the resolution is 2.5nm (which is 
reasonable for a high quality optical displacement sensor), and the material is 
aluminium alloy 1200 (E=60GPa), two sets of dimensions were obtained based on 
the bending equations and the assumed conditions, as shown in Table 8-2. These 
two designs are designed for different maximum loading weights and resolutions. 
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Max Weight 
(mg) 
Resolution (µg) 
E 
(GPa) 
l 
(mm) 
b 
(mm) 
c 
(mm) 
50 1 60 21.49 1.814 0.113 
500 10 60 21.49 3.226 0.202 
Table 8-2 Cantilever Dimensions Based on Theoretical Calculations 
 In accordance with these calculations, the dual-cantilever designs were 
drafted using the Autodesk Inventor software. The dual-cantilevers were constructed 
using an annular plate that has the same thickness as the cantilever, and this plate is 
sandwiched by another two metal plates. All the three plates are fixed on four stands 
by screws, as shown in Figure 8-2. 
 
Figure 8-2 Draft of Cantilever Designs 
 The cantilever plates, sandwiching plates and the stands were fabricated by 
Longshore Systems Engineering (UK). The actual manufacturing dimensions are 
shown in Figure 8-3. Even though the numbers are simplified, the precision of the 
products are not compromised. 
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Figure 8-3 Manufacturing Dimensions of the Two Cantilever Designs 
8.2.2. Pressure Vessel and Sample Cylinder  
 The pressure vessel was manufactured by SITEC-SIEBER Engineering 
(Switzerland). A sapphire window, 28mm in diameter, is located at the top of the 
vessel. The vessel is opened manually by turning the handles attached to the bottom 
plug. The inner volume of the vessel is 141ml, and the temperature and pressure 
working ranges are -10°C to 200°C and 0–550bar, respectively. A heating jacket is 
clamped around the vessel to allow temperature control. Full details can be found in 
Appendix 1.  
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Figure 8-4 Pressure Vessel Manufactured by SITEC 
 A 150ml sample cylinder custom-made by Swagelok was used to store the 
gas before injecting it into the pressure vessel. The working pressure range of the 
sample cylinder is 0-344bar. 
8.2.3. Pressure Transmitter  
 Two identical Keller PAA35XX-300 pressure transmitters were used to 
monitor the pressure variations of the pressure vessel and sample cylinder 
independently. The Keller pressure transmitter measures pressure under 300bar 
with 0.1%FS accuracy. 
8.2.4. Optical Displacement Measuring System 
 A Micro-Epsilon ILD2300 laser optical displacement measuring system was 
used to record the deformation of cantilevers as the samples absorbed or desorbed 
gases. The effective measuring range of the displacement measuring system is from 
40mm to 60mm, which sufficiently covers all possible positions of the cantilever tip. 
Although the actual working resolution (0.3µm) of ILD2300 was lower than expected 
in the design, it was accurate enough to commence the calibration and primary 
testing experiment. 
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8.2.5. Configuration  
 A schematic drawing of the configuration of this high pressure gravimetric 
analyser is shown in Figure 8-5. A high performance nozzle band heater was fitted 
around the pressure vessel for temperature control. The adjustable relief valve was 
set at 200bar, for safety reasons.  
 
Figure 8-5 Configuration of the High Pressure Gravimetric Analyser 
 In this configuration, it is also possible to realise the volumetric analysis of gas 
sorption. Since the volume of sampler V1 and the volume of the pressure vessel V2 
are known, and considering the temperature is constant T, by applying the universal 
gas law, the quantity of gas being adsorbed or desorbed by the sample ΔN is 
calculated as in Equation 8-5, where P1 and P2 represents the equilibrium pressure 
of the sampler and the pressure vessel before they are connected, and P0 
represents the equilibrium pressure of the whole system after connecting the 
sampler and the pressure vessel. 
 𝛥𝑁 =
𝑃1𝑉1
𝑅𝑇
+
𝑃2𝑉2
𝑅𝑇
−
𝑃0(𝑉1 + 𝑉2)
𝑅𝑇
 Equation 8-5 
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8.3. System Setup and Calibration 
8.3.1. System Setup 
 As shown in Figure 8-6, the system was placed on an anti-vibration base, 
which minimised the impact from any external vibrations. The optical displacement 
measuring system was fixed on a removable plate right above the sapphire window. 
Therefore the measuring point on the cantilever can be located with little effort. A 
vacuum pump was connected to the system to evaporate the entire manifold, and 
the venting exit shared the same pipe as the evaporating part. 
 
Figure 8-6 High Pressure Gravimetric Analysis System 
 The cantilever, sandwiched by two metal plates and screwed to four stands, 
was mounted on the bottom plug. The sample plan was loaded at the free end of the 
cantilever via a hook which was left to hang down. The sample pan loading process 
had to be carefully carried out since rough force applied to the cantilevers could 
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exceed the material’s yield strength, resulting in plastic deformation and even 
fracture.  
 
Figure 8-7 (a) Mounting Cantilevers to the Bottom Plug  (b) Loading Sample Pan on 
the Hanging Down Wire 
 All the individual components in this system were approved in Imperial 
College London safety inspections. The operator was required to attend 
corresponding safety courses in order to proceed with any further action. 
8.3.2. Calibration 
8.3.2.1. Pressure Transmitter Calibration  
 The pressure transmitters were properly calibrated by a mechanical pressure 
gauge (recently calibrated by the manufacturer). A pressure ramping test was carried 
out to check product reliability at high pressures. Results showed that the pressure 
transmitters performed normally within working pressure range and no leak was 
detected from the system in the pressurised environment (up to 90bar). 
8.3.2.2. Cantilever Self-Deformation Calibration 
 It was noticed that the stress from the annular plates deformed the dual 
cantilevers to a different extent. This is defined as ‘self-deformation’ of the cantilever 
in this section. The self-deformation was measured by a Wyko NT9100 profiler, as 
shown in Figure 8-8. The 3D surface profile images reflected the deformation extent 
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of the dual-cantilevers, and the relative height difference between the dual 
cantilevers was obtained from the Y-axis profile imaging data.  
 
Figure 8-8 Self Deformation of Dual-Cantilevers 
8.3.2.3. Bending Equation Calibration 
 This calibration was used to verify the linearity of the cantilever deformation 
as loading and unloading weights. For the 0.2mm cantilever, the weight was loaded 
from 0mg to 140mg with a 10mg step, while for the 0.1mm cantilever, the weight was 
loaded from 0mg to 15mg with a 1mg step. Both cantilevers demonstrated good 
linearity from repeated tests (Figure 8-9 and Figure 8-10). However, the bending 
equation of the cantilever depends on the position of the cantilever measured and 
varies from one cantilever to another. Therefore in-situ bending equation calibration 
is required to be able to convert the deformation to mass change. 
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Figure 8-9 Bending Equation of 0.2mm Cantilever 
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Figure 8-10 Bending Equation of 0.1mm Cantilever 
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8.3.2.4. Optical Displacement Measuring System Calibration 
 A continuous data recording of the ILD2300 optical sensor for a duration of 60 
minutes was carried out at ambient pressure. The distance data eventually stabilised 
at 10.306mm, which was close to the middle range of the entire measuring range. 
The recorded data, shown in Figure 8-11, demonstrated that the actual resolution of 
ILD2300 in the tested environment was 1µm, which was significantly lower than 
expected. 
 
Figure 8-11 Distance Data Recording on Cantilever at Ambient Pressure 
 The next calibration was carried out to locate the dual-cantilever set in the 
pressure vessel, and to increase the pressure from vacuum to 10bar of 15% CO2 
and 85% N2 gas. It was found that the measured distance of a fixed point on the 
cantilever decreased as the pressure increased. The distance measured in this 
experiment was not the true distance, except at the vacuum point. The laser optical 
sensor measures distance based on the laser triangulation method, and the system 
is supposed to be calibrated in vacuum or ambient conditions. Therefore, as the 
environment in the pressure vessel changes, the refractive index of the medium 
within the vessel (which affects the refraction angle of the beam) changes as well. 
The extent of this impact (the gradient of the curve in Figure 8-12) depends on the 
‘true distance’ of the cantilever, which can only be known at the vacuum condition. 
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The curve in Figure 8-12 was defined as an impact curve. To compensate for this 
error, more ‘true distance’ values and impact curves are required. 
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Figure 8-12 Position of Cantilever at Different Pressures 
 Considering that the sorption of gases on cantilever, pan, and reference 
weights was negligible, the same pressure elevation tests were carried out with pan, 
pan and 100mg reference weight, pan and 200mg reference weight, and pan and 
300mg reference weight. The ‘true distance’ value and the gradient of the impact 
curve of each test are shown in Table 8-3. Since the refractive index of the medium 
was linear to the pressure of gases, the gradient of the impact curve was considered 
to be linear to the true distance, a schematic of this correlation can be found in 
Appendix 4. Thus compensation for the measured distance data of sorbent at a 
known starting distance (true distance) could be properly made, according to 
Equation 8-6, where r represented the gradient of the impact curve, and d 
represented the starting distance. The compensation was directly made by the value 
of r multiplying the variation of pressure ΔP. 
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True Distance (mm) 10.794 11.813 12.128 12.47 12.781 
Gradient -0.00572 -0.00615 -0.00676 -0.00612 -0.0077 
Table 8-3 True Distance and Gradient of Impact Curve 
 
 𝑟 = −0.000769𝑑 + 0.00274 Equation 8-6 
 
8.4. Primary Measurement of Gas Sorption on Porous Materials 
8.4.1. CO2 Capture Test on Porous Material 
 Two porous materials were selected for a CO2 adsorption test – MCM41 and 
zeolite. Both materials feature a high specific surface area and a highly porous 
structure. The surface area results for the synthetic MCM41 (Lindlar, Kogelbauer et 
al. 2000) and purchased L-zeolite (ZEOCHEM AG, Switzerland) were 924.2m2/g and 
250m2/g, respectively.  
 In the calibration setting in section 8.3.2.4, a correlation between the starting 
distance and the gradient of the impact curve was found, as shown in Equation 8-6. 
However, the cantilever bending equation had to be recalibrated in this 
circumstance. From Figure 8-13, it can be seen that the mass change of the sorbent 
Δm(mg) can be calculated from the deformation of the cantilever Δd(mm), as shown 
in Equation 8-7, and the amount of captured CO2 ΔN can be expressed by Equation 
8-8.  
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Figure 8-13 Bending Equation of Cantilever 
 
 𝛥𝑚 = 304.6637 × 𝛥𝑑 Equation 8-7 
 
 𝛥𝑁 =
𝛥𝑚
𝑀𝐶𝑂2
 Equation 8-8 
 
8.4.1.1. CO2 Adsorption on L-Zeolite 
 By applying the same settings as applied in Equation 8-6 and Equation 8-7, 
the CO2 capture ability of L-Zeolite as a function of pressure could be measured. 
164.0mg L-Zeolite was dispensed in the sample pan, then loaded on the hook at the 
free end of the cantilever. 15% CO2 and 85% N2 gas was first injected into the 
sampler. When the pressure transmitter data of the sampler stabilised, the metering 
valve connecting the sampler and pressure vessel was opened. The measured 
distance data produced by the optical sensor and the pressure transmitter data of 
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the pressure vessel were recorded until both data stabilised. The temperature during 
the whole experiment was air conditioned room temperature (295K). 
 First, the original distance data was recorded by the optical sensor, as shown 
in Figure 8-14. As discussed, the compensation of refractive index change had to be 
considered. The starting distance of this measurement was 12.353mm. Therefore, 
according to Equation 8-6, the gradient of the impact curve was -0.00676. At the 
beginning of the measurement the change of distance data due to gas adsorption 
was more than the impact of the refractive index, so the recorded distance 
increased. Towards the end of the measurement, the change of distance data due to 
gas adsorption was equal to or even less than the impact of the refractive index, so 
the recorded distance as a function of pressure tended at be a linear line whose 
gradient equaled the gradient of the impact curve. 
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Figure 8-14 Original Distance of Cantilever for L-Zeolite 
 After compensating for the refractive index impact on the recorded distance 
data, the ‘true distance’ as a function of pressure was obtained, as shown in Figure 
8-15. The CO2 uptake terminated after around 10bar. 
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Figure 8-15 True Distance of Cantilever for L-Zeolite 
 Using the cantilever deformation Δd and Equation 8-7, the mass change of 
the sample could be identified, and using Equation 8-8 the amount of captured CO2 
ΔN could be identified. Finally, dividing ΔN by the mass of the L-Zeolite (164.0mg) 
the result was converted to the CO2 capture ability per gram of sorbent, as shown in 
Figure 8-16. 
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Figure 8-16 CO2 Captured Per Gram of L-Zeolite 
8.4.1.2. CO2 Adsorption of Using MCM41 
 The same experiment procedure was carried out on 45.0mg of MCM41 
sorbent. The CO2 capture ability of MCM41 as a function of pressure is shown in 
Figure 8-17. 
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Figure 8-17 CO2 Captured Per Gram of MCM41 
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8.5. Conclusion 
 In this chapter, a novel gravimetric gas sorption analysis method was 
introduced. Two dual-cantilever sets with thicknesses of 0.1mm and 0.2mm were 
designed and fabricated to achieve different maximum loading and resolution, and 
the calibrations of bending equations were properly done with the laser optical 
displacement measuring system, in the custom-made high pressure vessel. 
 This design realised low-cost high pressure CO2 sorption analysis, even 
though the original idea was to conduct volumetric measurement simultaneously. 
From the CO2 adsorption curves on zeolite and MCM41, it could be seen that this 
design clearly demonstrates the CO2 uptake capacity of porous materials as a 
function of pressure. 
 More calibration work is still needed, as follows: 
1. For temperature control, the thermal couples fitted to the heating jackets 
need to be calibrated. Also, the refractive index has to be recalibrated as a 
function of both pressure and temperature. 
2. For chemisorption of CO2 by CaO-based sorbents, high temperature is 
required, therefore the self-deformation of the measuring cantilever has to 
be calibrated by the blank reference cantilever, under the same conditions.   
3. Flow meters are needed to replace the metering valves, in order to adjust 
the gas flow rate more accurately and more promptly. 
4. Better anti-vibration measures are necessary, to improve the effective 
resolution of the optical sensor. 
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9. Conclusions and Future Work 
9.1. Introduction  
 In this final chapter, the major findings of this study are summarised, and the 
challenges faced and future work are described. The study set out to explore the 
performance of CaO-based sorbents derived from different precursors in long-term 
calcium looping application, and the means of improving the reactivity and 
sustainability of the sorbents from the particle synthesis perspective. A series of 
sorbent preparation methods were detailed, including deriving the sorbent from 
natural limestone, commercially available chemicals and synthetic precursors with 
various additives. Comprehensive particle characterisation measures were applied to 
each of the sorbents to understand the mechanism of carbonation reaction and the 
sorbents’ reactivity degradation behaviour. A moisture reactivation method on dry 
CaO sorbents was introduced to improve the overall CO2 uptake capacity of the 
sorbents. For better comparison of the CO2 capture process of chemisorption and 
physisorption, a cantilever inspired high pressure gravimetric analysis system was 
designed, manufactured and calibrated, and this part of the study offered the insight 
of utilising cantilever bending to function as a high resolution microbalance. 
 All the experimental work during this research involving carbonation-
decarbonation reactions study, sorbents synthesis and characterisation, sorbents 
performance tests for single cycles and multi-cycles, and moisture reactivation are 
summarised briefly in the following paragraph. The major contribution of this 
research as regards benefitting the calcium looping process from the sorbent 
performance point of view is also presented. Finally, the weakness of the synthetic 
sorbents and future work are discussed in the last section of this chapter.  
9.2. Summary of Experimental Work 
 The experimental work can be divided into four sections: 1. sorbents 
preparation and characterisation; 2. sorbents’ CO2 capture ability testing for single 
cycles and multi-cycles; 3. moisture reactivation at various stages during the cyclic 
carbonation-decarbonation reactions; 4. CO2 physisorption testing of porous 
materials in the high pressure gravimetric analysis system. 
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9.2.1. Sorbents Preparation and Characterisation 
 For the non-synthesised sorbents, the Longcliffe limestone, commercially 
available calcium carbonate and calcium acetate were chosen to be the precursors, 
and the limestone was considered as the benchmark for all the CaO-based sorbents. 
The sorbents were derived from calcination at 900°C for five minutes in the TGA.  
 For the synthesised sorbents, a precipitation in aqueous solution method was 
employed. The synthesis started by simply mixing the calcium chloride and sodium 
carbonate solution in DI water, then the precipitation process extended to adding 
various additives in the aqueous solution, which were polystyrene, PEG and SDS, 
and PEG and Tween80. To further investigate the effect of additives on improving 
the sorbents’ performance, different additives concentrations and reaction times 
were attempted in the precipitation process. To achieve a certain fraction of vaterite 
contained in the sorbent, the precursors were also prepared by physically mixing two 
kinds of synthesised precursors. The corresponding sorbents were derived from 
calcination at 900°C for five minutes in the TGA. 
 The characterisation methodologies mainly focused on three properties of the 
precursor and sorbent particles. The BET and BJH methods were applied to analyse 
the specific surface area and average pore volume of the particles. The SEM was 
used to observe the particle morphology and size. The XRD analysis was conducted 
to identify the composition of crystalline polymorphs in each sample particle.  
9.2.2. Sorbents’ CO2 Capture Ability Testing 
 Firstly, all the prepared sorbents were tested for a single cycle with 15% CO2 
gas in the TGA, with 900°C calcination for five minutes and 650°C carbonation for 60 
minutes. Then the sorbents with an outstanding extent of conversion in each group 
were selected for the 10-cycle test. The best synthesised sorbents were finally 
chosen for a 50-cycle test in order to identify the residual conversion and decay 
constant. 
9.2.3. Moisture Reactivation 
 To eliminate error caused by evaporation and other factors, the measured 
moisture content in the dry 2S1P (precipitated with 2.0mM SDS and 1.0g/L 
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PEG10000) sorbent was compared to the added moisture content. Different amounts 
of moisture were tested to identify the optimal moisture content for the sorbent 
hydrating effect. 
 Applying the optimal moisture content, three hydrating methods were applied 
to the dry sorbent during the multi-cycle tests. The first method was to hydrate the 
sorbent only in the first cycle and to apply no more moisture treatment for the 
following nine cycles. The second method was to hydrate the sorbent every four 
cycles, and to repeat this three times, leading to a total of 12 cycles. The third 
method was to hydrate the sorbent every single cycle. 
9.2.4. High Pressure Gravimetric Analysis System 
 The high pressure gravimetric analysis system was designed, manufactured, 
set up and calibrated. The major work in this section focused on the calibration of the 
cantilever bending equation and the impact of the refractive index. Preliminary tests 
of CO2 physisorption at high pressure were carried out on two porous materials.  
9.3. Major Findings and Contributions  
 The major findings and contributions are concluded in the following five 
aspects:  
1. The improved conversion extent on the synthetic CaO-based sorbents. 
2. The improved sustainability on the synthetic CaO-based sorbents. 
3. Reveal the relation of the polymorphism and reaction reactivity. 
4. Enhance the sorbent’s stability via hydrating method. 
5. Develop a novel cantilever-based gravimetric analysis system. 
9.3.1. Improvement in Conversion Limit of CaO-Based Sorbents 
 The CaO-based sorbent derived from natural limestone normally exhibits a 
reasonably high conversion extent limit of 60–70%. This value in our test was 74.4%. 
However, the synthesised sorbent 2S1P, adding 2.0mM SDS and 1.0g/L PEG10000 
in the precipitation process, showed an elevated conversion of 84.9%, and the 
synthesised sorbent 8T1P, with 8g/L Tween80 and 1g/L PEG10000 added, showed 
a conversion limit as high as 97.3%. Similarly, 4T1P, 8T2P and 16T1P also showed 
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conversion extent close to or more than 90%. In addition, sorbents with a controlled 
precipitation time 8T(1min), 8T(2min), 12T(1min), 12T1P(2min), 16T(2min) and 
16T1P(2min) all presented the same level of conversion. 
 Apart from the conversion limit, the carbonation reaction kinetics of all the 
sorbents were analysed and compared. The sorbents synthesised by adding 
Tween80 and PEG10000 generally showed equal to or less conversion during the 
reaction kinetics dominated region than the limestone, but much more conversion 
during the product layer diffusion dominated region. Therefore the final conversions 
of the synthesised sorbents were still higher than limestone. 
9.3.2. Improvement in Sustainability on CaO-Based Sorbents 
 In the 10-cycle tests, the synthesised sorbents presented an improved 
sustainability compared to the limestone. At the 10th cycle, the 8T1P still retained 
59.3% effective conversion compared to the limestone’s 35.0%. This sustainability 
comparison could be seen more clearly in the sorbents stability result: the best 
stability was found to be in the sorbent 12T1P(2min), while the 8T1P sorbent was 
found to be the second best.  
 The cumulative capture capacity result quantitatively compared the overall 
amount of CO2 capture by the sorbents over 10 cycles. The 12T1P(2min) sorbent 
improved the CO2 capture ability by 101.9%, compared to sorbent derived from the 
limestone. 
 A 50-cycle test was carried out on the 8T1P sorbent to acquire the residual 
conversion and decay constant values. Modelled by Matlab, the 8T1P sorbent was 
simulated to have a 27.5% residual conversion after infinite cycles and a 0.23 decay 
rate. These values for limestone were found to be 7.5% and 0.52. 
9.3.3. Correlation of Vaterite Fraction and Conversion Extent  
 This research proposed, for the first time, that CaO-based sorbent 
performance is related to the vaterite fraction contained in the sorbent. By mixing the 
synthesised sorbents with high and low fractions of vaterite, sorbents containing a 
certain amount of vaterite were prepared. Using Rao’s Equation and XRD data, the 
actual vaterite fraction in each prepared sorbent was able to be examined. It was 
183 
 
experimentally proved that the fraction of vaterite polymorph had a direct impact on 
the conversion extent of the sorbents and this impact showed a linear correlation.  
9.3.4. Enhancement of Sorbents’ Sustainability with Moisture 
Reactivation 
 Moisture was found to have a fairly positive effect on the CaO-based 
sorbents’ performance. The optimal mass ratio of sorbent and moisture was 0.76, as 
identified by testing a wide range of ratios. The method of hydrating every four cycles 
proved that moisture had a consistent activating effect on the degraded sorbents. 
The method of hydrating every single cycle further proved that the degradation of the 
sorbents’ reactivity could be largely eliminated if the right amount of moisture was 
added to the sorbents. 
9.3.5. Feasibility of the High Pressure Gravimetric Analysis System 
 The calibration work and preliminary measurement carried out on two porous 
materials testified to the feasibility of this cantilever-based high pressure gravimetric 
analysis system.  
9.4. Challenges and Future Work 
 In this study, novel methods of synthesising the CaO-based sorbents via 
precipitation process for capturing CO2 from industrial flue gas has been introduced 
and discussed. Future work should be focused on the following points: 
1. Novel CaO-based sorbent particles were prepared in the laboratory and 
tested in TGA. Scaling up the production of sorbents to industrial scope and 
conducting performance tests in fluidised-bed equipment are needed in order 
to meet the requirements of industrial applications. 
2. Although the novel sorbents presented higher CO2 capture efficiency and 
better stability in long term reactions, the economic cost of fabricating the 
sorbents has to be further investigated. In addition, the total cost of the 
calcium looping process with using the novel sorbents needs to be compared 
with conversional CO2 capture method, such as MEA chemisorption, porous 
materials physisorption, membrane separation etc. 
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3. The moisture has been proved to be able to enhance the reactivity and 
stability of the sorbents. However, integrating the hydration procedure into the 
current calcium looping process still remains challenging, due to the increase 
of energy consumption and system complexity. 
4. The vaterite polymorph has been considered to be thermodynamically 
unstable in ambient conditions. Therefore appropriate storage condition has to 
be created for the sorbents containing high vaterite content. 
5. The cantilever-based high pressure gravimetric system was initially designed 
to be operated in high temperature and high pressure conditions. So far the 
high pressure calibration work discussed in this study demonstrates its 
feasibility to carry out isothermal gas sorption measurement. The system 
needs to be further calibrated at high temperatures, in order to investigate the 
chemisorption reactions at various conditions.  
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Appendix 1 – Pressure Vessel by SITEC 
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Appendix 2 – Sapphire Window by SITEC 
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Appendix 3 – XRD Spectrum of Physically Mixed Samples 
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Appendix 4 – Laser Triangulation Method 
 
 
 
 In the scenario of drawing (1), the medium within the pressure vessel is air, 
same as the medium outside the vessel. Therefore the signal received on the CCD 
detector is position A. The distance measurement of the cantilever can be calculated 
from position A. 
 In the scenario of drawing (2), the medium within the pressure vessel is 
switched to compressed CO2/N2 mixed gas. Since the refractive index of the 
compressed gas is larger than air, the actual optical paths alter to the dashed blue 
lines. As a result, the signal received on the CCD detector is position A’, instead of 
position A. The difference between the position A and position A’ is proportional to 
the pressure of the compressed gas, and the corrections of this error are discussed 
in Chapter 8. 
